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SUMMARY
The w ork  p r e s e n te d  in  th is  th e s is  is  c o n c e rn e d  w ith  th e  s tu d y  of 
th e  p r o d u c ts  of fo u r  g e n e s  of h e rp e s  sim plex v i ru s  ty p e -1  (HSV-1). 
T h ese  g e n e s , UL5, UL8 , UL9 a n d  UL52, a re  m em bers of a s e t  of se v e n  
HSV-1 g e n e s  w h ich  a re  e s s e n t ia l  fo r  th e  re p lic a tio n  of HSV-1 DNA in 
t i s s u e  c u l tu re .
T h re e  of th e s e  s e v e n  g e n e s  en co d e  p ro d u c ts  w hich  a re  a b u n d a n t  
in  HSV-1 in fe c te d  ce lls  a n d  h a v e  b e e n  re la t iv e ly  well c h a ra c te r is e d .  
T h ese  a re  UL29 w hich  e n c o d e s  th e  m ajo r s in g le - s t r a n d e d  DNA b in d in g  
p ro te in ,  UL30 w hich  e n c o d e s  th e  v ira l  DNA p o ly m e rase , a n d  UL42 
w h ich  e n c o d e s  a d o u b le - s t r a n d e d  DNA b in d in g  p ro te in , Mr  65 000. The 
p ro te in  p r o d u c ts  of th e  re m a in in g  fo u r  g e n e s , UL5, UL8 , UL9 a n d  
UL52, a re  of low a b u n d a n c e  in  HSV-1 in fe c te d  ce lls  a n d  a t  th e  o u ts e t  
of th is  w o rk  h a d  n o t b e e n  id e n tif ie d . S ince  th e n  th e  UL9 g e n e  p ro d u c t  
h a s  b e e n  id e n tif ie d  a s  an  o r ig in -b in d in g  p ro te in  w h ich  re c o g n is e s  
s p e c if ic  DNA s e q u e n c e  e lem en ts  (Olivo e t  al., 1988; Weir e t  al., 1989), 
a n d  th e  UL5, UL8  a n d  UL52 p ro te in s  h a v e  b e e n  p u r if ie d  as  a complex 
from  HSV-1 in fe c te d  ce lls  w h ich  h a s  DNA h e lic a se  a n d  DNA p rim ase  
a c t iv i t ie s  (C ru te  e t  al. , 1989).
To fa c i l i ta te  t h e i r  id e n tif ic a tio n  a n d  s u b s e q u e n t  c h a ra c te r iz a tio n , 
th e  UL5, UL8 , UL9 a n d  UL52 g e n e  p r o d u c ts  w ere  in d iv id u a lly  
e x p re s s e d  in  re c o m b in a n t v i ru s e s .  T h ese  fo u r  o p en  r e a d in g  fram es  
(ORFs) w ere  in d iv id u a lly  e x p re s s e d  u n d e r  th e  c o n tro l  of th e  HSV-1 
im m e d ia te -e a r ly  (IE ) 3 g e n e  p ro m o te r  in  th e  te m p e ra tu re  s e n s i t iv e  
HSV-1 m u ta n t tsK. A le s io n  w ith in  th e  IE3 g e n e  of th is  m u ta n t r e s u l t s  
in  th e  o v e rp ro d u c tio n  of IE g e n e  p r o d u c ts  a t  th e  n o n -p e rm is s iv e  
te m p e ra tu re  (NPT). T h u s , p r o d u c ts  of th e  in s e r te d  re p l ic a t io n  g e n e s  
cou ld  be  e x p re s s e d  in  th e  a b s e n c e  of o th e r  DNA re p lic a t io n  p ro te in s  a t  
th e  NPT. E ach  ORF w as a lso  e x p re s s e d  u n d e r  th e  c o n tro l of th e  
p o ly h e d r in  p ro m o te r  in  re c o m b in a n t b a c u lo v iru s e s  c o n s tr u c te d  by  
Dr N D Stow.
I n s e r t io n  of th e s e  ORFs in to  tsK re c o m b in a n t v i r u s e s  allow ed th e  
p r o d u c ts  of th e  UL5, UL8 , UL9 a n d  UL52 g e n e s  to  be  id e n tif ie d  as 
n o v e l p o ly p e p tid e s  on S D S -p o ly acry lam id e  g e ls . The a p p a r e n t  m o lecu lar 
w e ig h ts  of th e  o v e r - e x p re s s e d  p ro te in s  c o r re s p o n d e d  c lo se ly  to  th o se  
p r e d ic te d  from  DNA se q u e n c e  a n a ly s is . The g e n e  p r o d u c ts  w ere  also  
id e n tif ie d  im m unologically  b y  r e a c t iv i ty  w ith  a n t i s e r a  r a is e d  a g a in s t  
p e p tid e s  c o r r e s p o n d in g  to  th e  C -te rm in i of th e i r  p r e d ic te d  am ino ac id  
s e q u e n c e s  (a k in d  g if t  of Dr M D C h a llb e rg ). On th e  b a s is  of p P ] -
o r th o p h o s p h a te  lab e llin g  e x p e rim e n ts , none  of th e  fo u r  p ro te in s  
a p p e a re d  to  be  s ig n if ic a n tly  p h o s p h o ry la te d , .
B ased  u p o n  th e  id e n tif ic a tio n  of a UL5, UL8  a n d  UL52 p ro te in
com plex in  HSV-1 in fe c te d  ce lls  (C ru te  e t  al., 1989), a tte m p ts  w ere  
m ade to  assem b le  th is  com plex in  v ivo , in itia lly  b y  in fe c tin g  BHK cells 
w ith  th e  tsK  re c o m b in a n t v i r u s e s ,  a n d  s u b s e q u e n t ly  b y  in fe c tin g
in s e c t  ce lls  w ith  re c o m b in a n t b a c u lo v iru s e s . The en zy m atic  a c tiv it ie s  of 
th e  com plex w ere  in v e s t ig a te d  u s in g  th e  b a c u lo v iru s  sy s tem . I n s e c t  
ce lls  w ere  in fe c te d  w ith  e i th e r  p a re n ta l  b a c u lo v iru s  o r th e  UL5, UL8
a n d  UL52 re c o m b in a n ts , in d iv id u a lly  o r  in  all p o ss ib le  com b ina tions .
E x tra c ts  from  th e  in fe c te d  ce lls  w ere  f r a c t io n a te d  b y  p h o sp h o c e llu lo se  
colum n c h ro m a to g ra p h y  a s s a y e d  fo r  D N A -dependen t A TPase, DNA 
h e lic a se  a n d  DNA p rim a se  a c tiv it ie s .  Novel p e a k s  of ea ch  of th e s e  
a c t iv i t ie s  w ere  d e te c te d  in  e x tr a c ts  from  ce lls  t r ip ly  in fe c te d  w ith  th e  
UL5, UL8  a n d  UL52 re c o m b in a n ts  o r  d o u b ly  in fe c te d  w ith  UL5 a n d  
UL52 re c o m b in a n ts . T h ese  a c tiv it ie s ,  w h ich  w ere  n o t p r e s e n t  in  a n y  of 
th e  o th e r  e x tr a c ts ,  e lu te d  a t  150-200mM NaCl, s im ila r to  t h a t  r e p o r te d  
fo r  th e  HSV-1 h e lic a s e -p r im a s e  d e te c te d  in  ce lls  in fe c te d  w ith  w t 
HSV-1 (C ru te  e t  al., 1988).
SDS-PAGE a n a ly s is  of th e  p h o sp h o c e llu lo se  colum n f ra c tio n s  
r e v e a le d  th a t  th e  UL5, UL8  a n d  UL52 p ro te in s  c o -e lu te d  w ith  th e  
in d u c e d  a c tiv i t ie s ,  a t  s a l t  c o n c e n tra t io n s  d if f e r in g  from  th o s e  a t  w hich  
a n y  of th e s e  p ro te in s  e lu te d  w hen  e x p re s s e d  alone . T h is r e s u l t  is 
in d ic a tiv e  of an  in te r a c t io n  b e tw e en  th e  th r e e  p ro te in s .  The UL5 an d  
UL52 p ro te in s  c o -e lu te d  in  a  s im ila r fa sh io n  w hen  e x p re s s e d  in  th e  
a b s e n c e  of th e  UL8  p ro te in , a t  a p o s itio n  c o - in c id e n t  w ith  th e  n ove l 
p e a k s  of en zy m atic  a c t iv i ty .  The UL8  p ro te in  is  th e r e f o r e  n o t r e q u i r e d  
fo r  th e  n o v e l D N A -dependen t A TPase, DNA h e lic a se  a n d  DNA p rim ase  
a c t iv i t ie s  a s so c ia te d  w ith  th e  com plex, a n d  m o reo v e r, th e  UL5 a n d  
UL52 p r o te in s  to g e th e r  a re  ab le  to  form  a fu n c tio n a l com plex in  th e  
a b s e n c e  of th e  UL8  p ro te in .
T he in tr a c e l lu la r  lo ca liza tio n  of th e  HSV-1 o r ig in -b in d in g  p ro te in  
(OBP), w h ich  is  e n c o d e d  b y  g e n e  UL9, a n d  th e  HSV-1 h e lic a s e -p r im a s e  
com plex w ere  s tu d ie d  b y  in d ir e c t  im m u n o flu o rescen ce  in  BHK cells  
in fe c te d  w ith  th e  tsK  re c o m b in a n t v i ru s e s .  OBP e x p re s s e d  in  th e  
a b s e n c e  of o th e r  DNA re p lic a tio n  p ro te in s  lo ca lized  w ith in  th e  n u c le u s  
w h e re  i t  e x h ib ite d  a d if fu s e  p a t t e r n  w ith  d is c r e te  foci a lso  p r e s e n t .  
L oca liza tion  of th e  h e lic a s e -p r im a s e  com plex w as in v e s t ig a te d  by  
f lu o re s c e n tly  s ta in in g  th e  UL52 p ro te in  s u b u n it .  When e x p re s s e d  a lone , 
th e  UL52 p ro te in  e x h ib ite d  a cy to p la sm ic , p e r in u c le a r  s ta in in g  p a t te rn .
T his p a t t e r n  rem a in ed  u n c h a n g e d  w hen th e  UL52 p ro te in  was co­
e x p re s s e d  w ith  e i th e r  th e  UL5 o r  UL8  p ro te in . H ow ever, w hen th e  UL5, 
UL8  a n d  UL52 p ro te in s  w ere  e x p re s s e d  to g e th e r  th e  UL52 p ro te in  was 
e f f ic ie n tly  lo ca lized  w ith in  th e  n u c le u s . T h ese  r e s u l t s  s u g g e s t  th a t  th e  
UL8  p ro te in , w h ich  is  n o t r e q u i r e d  fo r  th e  en zy m atic  a c tiv it ie s  of th e  
com plex, may h a v e  a ro le  in  fa c i l i ta t in g  e n t r y  of an  a c tiv e  com plex in to  
th e  cell n u c le u s .
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CHAPTER 1: INTRODUCTION
1A. GENERAL PROPERTIES OF HERPESVIRUSES
1. S t r u c tu r e  a n d  C la ss if ic a tio n  of H e rp e s v iru s e s
H erp e s  sim plex v i ru s  ty p e  1 is a m em ber of th e  fam ily of v i ru s e s ,  
H e rp e sv ir id a e . M em bers of th is  g ro u p  a re  la rg e  D N A -containing 
v i r u s e s  w h ich  a re  d iv e r s e  in  th e i r  b io log ica l p r o p e r t ie s  a n d  h av e  b een  
iso la te d  from  a w ide v a r ie ty  of h o s ts  (Roizm an, 1982).
D is tin c t m orp h o lo g ica l f e a tu r e s  a re  common to  all m em bers. The 
v i r u s  p a r t ic le  is  150-200nm  in  d ia m e te r  a n d  is  com posed  of fo u r  
d i s t in c t  e le m en ts . T he genom ic DNA, in  th e  r a n g e  Mr 80x l0b to  150xl06, 
is  c o n ta in e d  w ith in  an  e le c tro n  d e n s e  c o re  (E p s te in , 1962). The co re  is 
s u r r o u n d e d  b y  an  ic o s a h e d ra l  c a p s id  a sse m b le d  from  162 c a p so m eres , 
150 hexam eric  a n d  12 p e n ta m e ric  (W ildy e t  al., 1960; S c h ra g  e t  al., 
1989) w h ich  is  in  t u r n  s u r r o u n d e d  b y  an  a m o rp h o u s  p ro te in a c e o u s  
la y e r  (M organ  e t  al., 1959; S c h w a rtz  a n d  Roizm an, 1969) now r e f e r r e d  
to  a s  th e  te g u m e n t (Roizm an a n d  F u r lo n g , 1974). The o u te rm o st 
s t r u c tu r e  is  th e  e n v e lo p e , a tr i la m in a r  m em brane (W ildy e t  al., 1960) 
d e r iv e d  from  h o s t  cell n u c le a r  a n d  p lasm a m em brane (Nii e t  al., 1968; 
A sh e r e t  al., 1969). V ira lly  e n c o d e d  g ly c o p ro te in s  w h ich , b y  e le c tro n  
m ic ro sco p y , can  be  o b s e rv e d  a s  8 nm s p ik e s , p r o t r u d e  from  th e  s u r fa c e  
of th e  v ir io n  e n v e lo p e  (Wildy a n d  W atson, 1962; S p e a r  a n d  Roizman, 
1972).
The H e rp e sv ir id a e  h a v e  h is to r ic a lly  b e e n  c la s s if ie d , on th e  b a s is  of 
b io lo g ica l p r o p e r t ie s ,  in to  th r e e  su b fam ilie s  i.e . a lp h a - ,  b e ta -  a n d  
g a m m a -h e rp e s v iru s e s  (Roizm an, 1982; M atthew s, 1982).
A lp h a h e rp e s v iru s e s  a re  n e u ro tro p ic ,  e x h ib it  a  w ide in  v i tr o  h o s t  
r a n g e  a n d  a r e la t iv e ly  s h o r t  r e p r o d u c t iv e  cy c le  c a u s in g  ra p id  
d e s t r u c t io n  of p e rm iss iv e  ce lls  in  t i s s u e  c u l tu re .  L a te n t  in fe c tio n  is 
f r e q u e n t ly  e s ta b l is h e d  in  g a n g lia . In c lu d e d  in  th is  g ro u p  a re  HSV-1, 
HSV-2 a n d  v a r ic e l la - z o s te r  v i r u s  (VZV). B e ta h e rp e s v iru s e s  e x h ib it  a 
r e s t r i c t e d  h o s t  r a n g e  a n d  a r e la t iv e ly  long  r e p r o d u c t iv e  cyc le . In  a 
p ro d u c t iv e  in fe c tio n  ce lls  f r e q u e n t ly  becom e e n la rg e d  (cy to m eg a lia ). 
L a te n t  in fe c tio n s  may be  e s ta b l is h e d  in  a v a r ie ty  of t i s s u e s .  In c lu d e d  
in  th is  g ro u p  is  hum an  c y to m e g a lo v iru s  (HCMV). G a m m a h e rp e sv iru se s  
a re  ly m p h o tro p ic , sp e c if ic  fo r  B o r  T ly m p h o c y te s  a n d  h a v e  a n a rro w  
h o s t  r a n g e . L a te n t  in fe c tio n  is  f r e q u e n t ly  e s ta b l is h e d  in  lym phoid  
t is s u e  th o u g h  r e p r o d u c t iv e  cy c le  a n d  c y to p a th o lo g y  a re  v a r ia b le . 
E p s te in - B a r r  v i r u s  (EBV) is a m em ber of th is  g ro u p .
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In  a d d itio n  to  b io log ica l p r o p e r t ie s ,  com parison  of genom e 
o rg a n is a tio n  a n d  DNA se q u e n c e  a re  of in c re a s in g  im p o rta n c e  in  th e  
d e te rm in a tio n  of e v o lu tio n a ry  re la t io n s h ip s  b e tw e en  m em bers of th e  
H e rp e sv ir id a e . C la ss if ic a tio n  b y  b io log ica l p r o p e r t ie s  a lone  of th e  
r e c e n t ly  id e n tif ie d  hum an  h e r p e s v i r u s  6  (HHV-6 ), o r ig in a lly  te rm ed  
hum an  B ly m p h o tro p ic  v i r u s  (S a la h u d d in  e t  al., 1986), w ould p lace  it  
a m o n g s t th e  g a m m a h e rp e s v iru s e s . H ow ever, lim ited  DNA se q u e n c e  
a n a ly s is  of th e  HHV- 6  genom e h a s  show n  i t  to  be m ore c lo se ly  r e la te d  
to  m em bers of th e  b e ta h e r p e s v i r u s  g ro u p  (L aw ren ce  e t  al., 1990).
2. E pidem iology o f HSV and O ther Human H erp esv iru ses
To d a te , s e v e n  h e r p e s v i r u s e s  a re  know n  to  in fe c t  th e  hum an  h o s t, 
nam ely  HSV-1, HSV-2, VZV, EBV, HCMV, HHV- 6  a n d  HHV-7.
HSV ty p e s  1 a n d  2 c a u se  c u ta n e o u s  le s io n s  a n d  a re  t r a n s m it te d  by  
c lo se  p h y s ic a l  c o n ta c t. HSV-1 is  a s so c ia te d  w ith  th o se  of th e  lip s , 
know n  a s  co ld  s o re s  (h e r p e s  la b ia lis ) , a n d  le s s  comm only w ith  th o se  of 
th e  e y e  (h e r p e s  k e ra to c o n ju n c t iv i t i s )  w h e re a s  HSV-2 is la rg e ly  
a s so c ia te d  w ith  g e n ita l  le s io n s  (h e r p e s  g e n ita l is ) ,  ( re v ie w e d  b y  W hitley,
1985). T h o u g h  in fe c tio n  is  g e n e ra lly  m ild, r a r e  c a se s  of e n c e p h a lit is  o r 
s e v e re  g e n e ra l  in fe c tio n  can  a r i s e  in  n e w b o rn  o r im m unocom prom ised 
in d iv id u a ls .  Follow ing  a p r im a ry  in fe c tio n  a la te n t  in fe c tio n  of HSV is 
f r e q u e n t ly  e s ta b l is h e d  in  th e  n e u ro n a l  ce lls  of s e n s o ry  g a n g lia  a n d  
th e  b r a in  w h e re  th e  v ira l  genom e is  m a in ta in e d  in  a n o n - re p l ic a t in g  
s ta t e  (S te v e n s  a n d  Cook, 1971; B a r in g e r  a n d  S w o re lan d ; 1973, Cook e t  
al. 1974; F r a s e r  e t  al. 1981,). S ince te rm in a l f ra g m e n ts  h a v e  n o t b een  
d e te c te d  th e  genom e is  th o u g h t  to  be  m ain ta in e d  in  an  'e n d le s s ' form  
(R ock a n d  F r a s e r ,  1983; 1985; E fs ta th io u  e t  al., 1986) e x is t in g
e x trach ro m o so m aliy  a s  a c irc le  o r  p o s s ib ly  a c o n c a te m e r (M ellerick  a n d  
F r a s e r ,  1987). E x p re ss io n  from  th e  la te n t  v i ra l  genom e is  v e r y  lim ited  
th o u g h  a v i ru s - s p e c i f ic  t r a n s c r i p t  h a s  b e e n  d e te c te d  in  th e  n u c le i of 
ce lls  la te n t ly  in fe c te d  w ith  HSV (S te v e n s  e t  al., 1987; Rock e t  al., 1987; 
S p iv a c k  a n d  F r a s e r ,  1987; S te in e r  e t  al., 1988; W agner e t  al., 1988a). 
T h is  t r a n s c r i p t  is  te rm e d  th e  la te n c y -a s s o c ia te d  t r a n s c r i p t  (LAT) a n d  
h a s  b e e n  fo u n d  to  be  t r a n s c r ib e d  from  a re g io n  d o w n stre a m  of th e  IE1 
g e n e  w ith in  th e  lo n g  r e p e a t .  DNA se q u e n c e  a n a ly s is  s u g g e s t s  t h a t  a 
p ro te in  is u n lik e ly  to  be en c o d ed  w ith in  th is  r e g io n  ( P e r r y  an d  
M cGeoch, 1988). No u n iq u e  p o ly a d e n y la te d  LAT m essa g e s  o r  e n c o d ed  
p o ly p e p tid e  h a v e  b e e n  id e n tif ie d  (W agner e t  al., 1988a;b). M u tan ts  of 
HSV la c k in g  e x p re s s io n  of LAT r e ta in  th e  a b il i ty  to  e s ta b l is h  a la te n t  
in fe c tio n  ( J a v ie r  e t  al., 1988). A lthough  n o t a b s o lu te ly  r e q u i r e d  fo r
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e s ta b l is h m e n t  of, a n d  r e a c tiv a tio n  from , th e  la te n t  s ta te  LATs may 
h a v e  a ro le  in  c o n tro llin g  th e  f r e q u e n c y  of re a c tiv a tio n  (L eib  e t  al., 
1989b; S te in e r  e t  al., 1989; Hill e t  al., 1990).
Animal a n d  in  v itr o  cell c u l tu r e  m odels h av e  b e e n  u s e d  to  s tu d y  
re q u ir e m e n ts  fo r  th e  e s ta b lis h m e n t a n d  m ain ten an ce  of a la te n t  HSV 
in fe c tio n  (W igdahl e t  al., 1982; S h ira k i a n d  R app, 1986; R u sse ll an d  
P re s to n , 1986). A lth o u g h  sp e c if ic  r e q u ir e m e n ts  fo r  e s ta b lis h m e n t hav e  
n o t b e e n  d e f in e d  (P o lv in o -B o d n a r e t  al., 1987; M eign ier e t  al., 1988; 
R u sse ll e t  al., 1987), i t  h a s  b e e n  d e m o n s tra te d  in  v i tr o  t h a t  th e  v ira l  
im m e d ia te -e a r ly  p ro te in  VmwllO is  in v o lv e d  in  r e a c tiv a tio n  of th e  
la te n t  v i ra l  genom e (R u sse ll e t  al., 1987; H a rris  e t  al., 1989). The ro le  
of VmwllO in  v ivo , h o w e v e r, is  le s s  c le a r . A m u ta n t of HSV-1, d il403 , 
w ith  d e le tio n s  in  b o th  co p ies  of th e  IE1 g e n e  is  ab le  to  e s ta b l is h  a n d  
r e a c t iv a te  from  th e  la te n t  s ta te  (C lem ents a n d  Stow , 1989). A s tu d y  of 
s e v e ra l  IE1 d e le tio n  m u ta n ts  b y  L eib  e t  al. (1989a) r e v e a le d  some, b u t  
n o t a ll, to  be  d e f ic ie n t  in  th e i r  a b il i ty  to  e s ta b l is h  a n d  r e a c t iv a te  from  
a la te n t  in fe c tio n  in  th e  m ouse o c u la r  m odel.
HSV-2 h a s  b e e n  a s so c ia te d  w ith  hum an  sq u am o u s cell ca rc inom a of 
th e  c e rv ix  a lth o u g h  e x p re s s io n  of HSV g e n e  p r o d u c ts  o c c u rs  on ly  in  a 
sm all p ro p o r t io n  of c e rv ic a l  ca rc in o m a t is s u e s  (re v ie w e d  b y  Raw ls, 
1985; M acnab, 1987). E v id e n ce  of a  d i r e c t  ro le  fo r  HSV in  th e
d e v e lo p m e n t of c a n c e r  is  in c o n c lu s iv e . In fe c tio n  w ith  HSV can  r e s u l t  in
th e  am p lifica tio n  of h e te ro lo g o u s  DNA s e q u e n c e s  w ith in  th e  h o s t  cell 
(M atz e t  al., 1985). T r a n s ie n t  t r a n s fe c t io n  e x p e rim e n ts  a n d  in fe c tio n  
w ith  m u ta n ts  of HSV-1 h a v e  re v e a le d  t h a t  am p lifica tio n  of SV40 DNA 
s e q u e n c e s  w ith in  th e  h o s t  cell r e q u i r e s  SV40 T a n tig e n  a n d  all b u t  
one  of th e  s e v e n  HSV-1 DNA re p lic a t io n  p ro te in s  [HSV-1 o r ig in -b in d in g  
p ro te in  n o t re q u ire d ] (M a tz , 1989; H e ilb ro n n  a n d  Z u rH ausen , 1989; 
H e ilb ro n n  e t  al., 1990). T h is  s u g g e s t s  t h a t  am p lifica tio n  of h o s t  DNA 
s e q u e n c e s  can  o c c u r  in  th e  a b s e n c e  of v ira l  DNA s y n th e s i s  a n d  th a t  
HSV-1 re p l ic a t io n  p r o te in s  a re  a b le  to  i n te r a c t  w ith  o th e r  v i ra l  o r 
c e llu la r  p ro te in s  in  m ed ia tin g  th is  e ffe c t. A lth o u g h  HSV d o es  n o t 
a p p e a r  to  en co d e  a t ra n s fo rm in g  o n c o g e n e , r e g io n s  of th e  genom e 
c le a r ly  h a v e  th e  a b il ity  to  tra n s fo rm  ce lls  in  t i s s u e  c u l tu r e  (R eyes e t  
al., 1979; Galloway a n d  M cDougall, 1983). Small f ra g m e n ts  of DNA 
la c k in g  a n y  com plete  p ro te in  co d in g  s e q u e n c e  a r e  c a p a b le  of
t ra n s fo rm a tio n  a n d  no p a r t ic u la r  p a r t  of th e  HSV genom e a p p e a r s  to
b e  c o n s is te n t ly  r e ta in e d  o r  e x p re s s e d  in  tra n s fo rm e d  ce lls  (C am eron e t  
al., 1985; Galloway a n d  M cDougall, 1983). T ra n sfo rm a tio n  b y  HSV h a s  
b e e n  p ro p o se d  to  o c c u r  b y  a 'h i t  a n d  r u n ' m echanism  w h e re b y  norm al
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c e llu la r  g en e  r e g u la tio n  is d i s r u p te d  d u e  to  te m p o ra ry  in te ra c t io n  w ith 
th e  v i r u s  th u s  a llow ing  f u r t h e r  e v e n ts  in  th e  t ra n s fo rm a tio n  p ro c e s s  
to  o c c u r  (S k in n e r , 1976; Galloway a n d  M cDougall, 1983). C o n s is te n t w ith  
th is ,  HSV h a s  b e e n  show n to  h a v e  th e  p o te n tia l to  a c t as  a m u tag en  
(C la rk e , 1991) a n d  to  c a u se  u p - r e g u la t io n  of tra n s fo rm a tio n -s p e c if ic  
p o ly p e p tid e s  (M acnab, 1987).
VZV m a n ife s ts  a s  tw o m ajo r d ise a s e s . C h icken  pox (v a r ic e lla ) , 
n o rm ally  a  c h ild h o o d  d ise a s e , is  c h a ra c te r iz e d  b y  s k in  le s io n s  o r 
p u s tu le s ,  a n d  s h in g le s  (h e rp e s  z o s te r )  a r i s e s  from  re a c tiv a tio n  of a 
la te n t  VZV in fe c tio n  r e s u l t in g  in  th e  d e v e lo p m en t of a  p a in fu l r a s h ,  
th e  in c id e n c e  a n d  s e v e r i ty  of w h ich  in c re a s e s  w ith  ag e  o r w ith 
im m u n o su p p re ss io n  of th e  h o s t  (K en n ed y , 1987).
EBV c a u se s  mild in fe c tio n  in  c h ild re n  b u t  may r e s u l t  in  in fe c tio u s  
m on o n u cleo sis  if  o c c u r r in g  as  a p r im a ry  in fe c tio n  of a d o le s c e n ts  a n d  
a d u lts .  E s ta b lis h m e n t of a la te n t  in fe c tio n  in  lym pho id  a n d  e p ith e lia l  
ce lls  is  f r e q u e n t .  A d i r e c t  ro le  fo r  EBV in  th e  d ev e lo p m en t of B u r k i t t 's  
lym phom a a s  well a s  a lin k  w ith  n a s o p h a ry n g e a l  carc inom a h a s  been  
show n  (E p s te in  a n d  A chong, 1986).
In fe c tio n  w ith  HCMV is g e n e ra lly  asy m p to m atic , d e te c ta b le  on ly  by  
a n  e le v a te d  a n tib o d y  t i t r e ,  a lth o u g h  th e  v i r u s  may c a u se  in fe c tio u s  
m o n o n u cleo sis  o r , a s  a c o n g e n ita l in fe c tio n , may r e s u l t  in  m ental 
r e ta r d a t io n  (H am ilton, 1982). A la te n t  in fe c tio n  may be  e s ta b l is h e d  in  
a v a r ie ty  of t i s s u e s  in c lu d in g  k id n e y , s e c r e to r y  g la n d s  a n d  
ly m p h o re tic u la r  ce lls .
T he r e c e n tly  id e n tif ie d  HHV- 6  w as f i r s t  iso la te d  from  p a t ie n ts  w ith  
AIDS o r  ly m p h o p ro life ra tiv e  d is e a s e s . HHV- 6  is  th o u g h t  to  g row  in  
b o th  B a n d  T ly m p h o c y te s  (S a la h u d d in  e t  a l., 1986; L opez e t  al., 1988) 
a n d  h a s  b e e n  r e p o r te d  a s  th e  c a u s a t iv e  a g e n t  of exan them  su b itu m , a 
t r a n s ie n t  d ise a s e  of c h ild re n  (Y am anishi e t  al., 1988) th o u g h  no c le a r  
a s so c ia tio n  w ith  d ise a s e  in  a d u lts  h a s  b e e n  d e s c r ib e d .
HHV-7 h a s  on ly  v e r y  r e c e n tly  b e e n  id e n tif ie d . I so la te d  from  th e  
CD4+ T -ly m p h o c y te s  of a h e a lth y  in d iv id u a l, HHV-7, lik e  HHV- 6  a n d  
HCMV, a p p e a r s  to  be  in d u c e d  to  re p l ic a te  d u r in g  th e  c o u rs e  of T cell 
p ro life ra t io n  (F re n k e l  e t  al., 1990a;b).
3. HSV-1 Genome S tru ctu re  and O rganisation
T he l in e a r ,  d o u b le - s t r a n d e d  DNA genom e of HSV-1 h a s  a m o lecu lar
w e ig h t of lOOxlO6 (B e c k e r  e t  al., 1968; K ieff e t  al., 1971) a n d  may be 
r e g a r d e d  a s  two c o v a le n tly  l in k e d  co m p o n en ts , nam ed th e  long  (L) a n d  
s h o r t  (S) re g io n s  (F ig u re  la ) .  E ach  re g io n  c o n s is ts  la rg e ly  of u n iq u e
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F ig u re  1 . O rg a n iz a tio n  o f  th e  HSV-1 Genome
(a )  The v i r a l  genome which com prises  two c o v a le n t ly  jo in e d  
segm ents, L and S. Each c o n s i s t s  o f  an un ique  sequence (UL and Us 
r e s p e c t iv e ly ,  shown a s  s o l i d  l in e s )  f la n k e d  by a p a i r  o f in v e r te d  
r e p e a t  sequences ( r e s p e c t iv e ly  TRl and IR l, IRs and TRs, shown a s  open 
b o x e s ) . A d i r e c t l y  r e p e a te d  400bp sequence , term ed th e  a sequence , i s  
p r e s e n t  a t  each  te rm in u s  and a l s o ,  in  uu/erhec-l o r i e n t a t i o n ,  a t  th e  
' j o i n t '  betw een L and S.
(b) P re p a r a t io n s  o f HSV-1 DNA c o n ta in  eq u im o la r amounts o f fo u r  
sequence  o r i e n t a t i o n  isom ers which d i f f e r  in  th e  r e l a t i v e  o r i e n t a t io n s  
o f L and S. These a re  d e s ig n a te d  P ( a r b i t r a r y  p r o to ty p e ) ,  I s ( in v e r te d  
S ), I I  ( in v e r te d  L) and I ls ( in v e r te d  L and S ), (re p ro d u ce d  from 
McGeoch, 1987).
s e q u e n c e s  ( U l a n d  U s  r e s p e c t iv e ly )  b ra c k e te d  by  in v e r te d  r e p e a ts .  
U l is f la n k e d  b y  a p a ir  of in v e r te d  r e p e a t  e lem en ts , te rm ed  RL, an d  
r e f e r r e d  to  a s  TRl a n d  IRL to  in d ic a te  th e i r  te rm in a l o r in te rn a l  
lo ca tio n . S im ilarly , Us is  f la n k e d  b y  r e p e a t  e lem en ts  IRS a n d  TRS. The 
R l a n d  Rs s e q u e n c e s  a re  d is t in c t .  At th e  genom e te rm in i th e r e  o c c u rs  
a d i r e c t  r e p e a t  of 400bp, te rm ed  th e  a s e q u e n c e . A s in g le  copy of th e  
a s e q u e n c e  is  fo u n d  a t  th e  S te rm in u s  a n d  one o r m ore cop ies a t  th e  
L te rm in u s . In  a d d itio n , a v a r ia b le  n u m b er of cop ies of th e  a se q u e n c e  
o c c u r  in  i-noerr-ed o r ie n ta t io n  a t  th e  L -S  ju n c t io n  (Roizm an, 1979). At 
e a ch  genom e te rm in u s  th e r e  is  a s in g le  r e s id u e  3' o v e rh a n g  (M ocarsk i 
a n d  Roizm an, 1982a; b ).
P re p a r a t io n s  of HSV-1 DNA h a v e  b e e n  fo u n d  to  co n ta in  equ im olar 
am o u n ts  of fo u r  s e q u e n c e  o r ie n ta t io n  iso m e rs , d if f e r in g  in  th e  re la tiv e  
o r ie n ta t io n  of L to  S. T h ese  a re  d e s ig n a te d  P (p ro to ty p e ) , I s 
( in v e r s io n  of S), I L ( in v e r s io n  of L) a n d  I Sl  ( in v e rs io n  of S a n d  L) 
(F ig u re  l b ) ,  (H ayw ard  e t  al., 1975; D elius a n d  C lem ents, 1976; Wilkie 
a n d  C o rtin i, 1976; Roizm an, 1979).
The genom e of HSV-1 s t r a in  17 s y n + h a s  b e e n  com pletely  
s e q u e n c e d  (McGeoch e t  al., 1985; 1986; 1988b; P e r r y  a n d  McGeoch, 1988; 
Rixon a n d  McGeoch, 1985). I t  c o n ta in s  152,260 b p  w ith  a m ean b a se  
com position  of 68.3% (G+C). The genom es of th r e e  o th e r  hum an
h e r p e s v i r u s e s  h a v e  now a lso  b e e n  com ple te ly  s e q u e n c e d .
T he VZV genom e c o n ta in s  124,884 b p  w ith  a m ean b a se  com position  
of 46% (G+C) (D avison  a n d  S c o tt, 1986). In  g r o s s  s t r u c tu r e  VZV
re se m b le s  HSV a lth o u g h  th e  in v e r te d  r e p e a ts  f la n k in g  UL a re  m ark e d ly  
sm a lle r  ( 8 8 b p  in  VZV v e r s u s  9200bp in  HSV) a n d  no e lem en t 
c o r r e s p o n d in g  to  th e  a s e q u e n c e  is  a p p a re n t .  F o u r  s e q u e n c e  
o r ie n ta t io n  iso m ers  h a v e  b e e n  id e n tif ie d  a lth o u g h  one o r ie n ta t io n  of Ul 
is  2 0 -fo ld  m ore p re v a le n t  (D avison , 1984).
The EBV genom e c o n ta in s  172,282 b p  w ith  a m ean b a se  com position  
of 59% (G+C) (B aer e t  al., 1984). H ow ever, a 13.6 k b p  d e le tio n  h a s  b een  
id e n tif ie d  in  th e  EBV s t r a in  w hich  w as s e q u e n c e d  s u g g e s t in g  a 
com plete  genom e of a ro u n d  186 k b p  (R a a b -T ra u b  e t  al., 1980). 
O rg a n isa tio n  of th e  EBV genom e d i f f e r s  m ark e d ly  from  HSV a n d  VZV. 
The te rm in i a re  fo rm ed  from  s e v e ra l  d i r e c t  r e p e a ts ,  v a r ia b le  in 
n u m b e r , a n d  a s e t  of la rg e , d i re c tly  r e p e a te d  e lem en ts  form  a m ajo r 
in te r n a l  r e p e a t  (MIR) to w a rd s  one e n d  of th e  genom e. The MIR a n d  
te rm in a l r e p e a ts  f la n k  th e  long  a n d  s h o r t  u n iq u e  s e q u e n c e s . W ithin 
UL, to w a rd s  i ts  e x tre m itie s , lie a  f u r t h e r  two id e n tic a l  r e p e a ts ,  DRL 
a n d  D R r , w hich  c o n ta in  fam ilies of r e la te d  tan d e m ly  r e p e a te d
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s e q u e n c e s  (R a a b -T ra u b  e t  al., 1980; Laux e t  al., 1985).
The genom e of HCMV is th e  l a r g e s t  of th e  hum an h e r p e s v i ru s e s  
a n d  c o n ta in s  230 k b p  w ith  a m ean b a se  com position  of 56% (G+C) (Chee 
e t  al., 1990). T ho u g h  la r g e r  th a n  HSV, i ts  g ro s s  s t r u c tu r a l  
a r r a n g e m e n t  is s im ila r in c lu d in g  th e  p re s e n c e  of a r e p e a t  e lem en t a t 
th e  genom e te rm in i a n d  L -S  ju n c t io n  c o rre s p o n d in g  to  th e  HSV a
s e q u e n c e  (W e s ts tra te  e t  al., 1983; S p a e te  a n d  M ocarsk i, 1985).
S e q u e n c e  d e te rm in a tio n  of th e  rem a in in g  th r e e  hum an h e rp e s v i ru s  
g enom es is  a t  p r e s e n t  incom ple te . H ow ever, HSV-2 g r o s s  s t r u c tu r e  is 
v e r y  s im ila r to  th a t  of HSV-1 a n d  th e  genom es of HSV ty p e s  1 a n d  2 
a re  h ig h ly  r e la te d  a n d  c lo se ly  c o lin e a r  (D avison a n d  Wilkie, 1981; 1983; 
Sw ain a n d  Gallow ay, 1983; Sw ain e t  al., 1985; L o ckshon  a n d  Galloway, 
1986; D ra p e r  e t  al., 1986; McGeoch e t  al., 1987; W orrad a n d  C arad o n n a , 
1988).
The genom e of HHV- 6  is  e s tim a te d  to  c o n ta in  161.5 k b p  w ith  a
m ean b a s e  com position  of 41% (G+C). I t  c o m p rise s  a c e n tr a l  u n iq u e  
re g io n  f la n k e d  b y  d i r e c t  r e p e a ts  DRL a n d  D R r a t  le f t  a n d  r ig h t
te rm in i. An in te r n a l  tan d em  r e i te r a t io n  o c c u rs  w ith in  th e  u n iq u e  re g io n  
to w a rd s  th e  r i g h t  te rm in u s  (M artin  e t  al., 1991). DNA s e q u e n c e  a n a ly s is  
t h u s  f a r  h a s  re v e a le d  th e  genom e of HHV- 6  to  be  m ost c lo se ly  r e la te d  
to  t h a t  of HCMV (L aw ren ce  e t  al., 1990).
DNA se q u e n c e  a n a ly s is  a n d  e a r l ie r  m ap p in g  d a ta  of th e  HSV-1
genom e led  to  th e  id e n tif ic a tio n  of 72 open  re a d in g  fra m es  (ORFs)
w h ich  p o te n tia l ly  en co d e  70 d i s t in c t  p o ly p e p tid e s . F if ty - s ix  g e n e s  lie 
w ith in  U l, te rm e d  UL1-UL56, a n d  12 w ith in  Us, te rm e d  US1-U S12. 
G enes IE1 a n d  IE3 lie w ith in  R l a n d  Rs r e s p e c t iv e ly  a n d  a r e  th u s  
e a ch  r e p r e s e n te d  tw ice  (F ig u re  2; McGeoch e t  al., 1985; 1988b). T his 
to ta l  of HSV-1 g e n e s  may be  incom ple te . R e p o rts  of o th e r  p o ss ib le  
g e n e s  in c lu d e  a t r a n s c r ib e d  ORF s p a n n in g  th e  o r ig in  of v ira l  DNA
re p lic a t io n , o rk  (H u b en th a l-V o ss  e t  al., 1987) a n d  th e  la te n c y -
a s s o c ia te d  t r a n s c r i p t  (LAT) d e s c r ib e d  e a r l ie r  (S e c tio n  1A.2.). The 
re g io n  u p s tre a m  of g en e  IE1 is  r e p o r te d  to  en co d e  a p o ly p e p tid e  
te rm e d  ICP34.5 w hich  is  im p o r ta n t  fo r  v i r u s  n e u ro v iru le n c e  (A ckerm an 
e t  al., 1986; Chou a n d  Roizman, 1986; Chou a n d  Roizm an, 1990; T aha e t  
al., 1990).
F u n c tio n s  h a v e  b een  a s s ig n e d  to  m any of th e  p o ly p e p tid e s  
e n c o d e d  b y  HSV-1 g e n e s  an d  in c lu d e  ro le s  in  t r a n s c r ip t io n a l
re g u la tio n , DNA re p lic a tio n  an d  v ir io n  s t r u c tu r e  a n d  a ssem b ly . The 


































































F ig u re  2 . G e n e tic  C o n te n t o f  t h e  HSV-1 Genome
The o r g a n iz a t io n  o f  th e  HSV-1 genome i s  r e p r e s e n te d  on fo u r  
s u c c e s s iv e  l i n e s  o f  40kb e a c h . L o c a tio n s  o f  open re a d in g  fram es a re  
shown by a rro w s , w ith  s p l i c i n g  w i th in  co d in g  r e g io n s  i n d ic a te d .  Genes 
UL1-UL56, m arked a s  1 -5 6 , a r e  shown on th e  f i r s t  t h r e e  l i n e s  and on 
th e  f o u r th  l i n e  a r e  g en es  US1-US12, m arked a s  1 -1 2 . L o c a tio n s  o f 
o r ig i n s  o f  DNA r e p l i c a t i o n  ( o r i s  and o r i L) a r e  a l s o  in d ic a te d  
( re p ro d u c e d  from  McGeoch, 1 9 8 9 ).
u n d e f in e d . E le v en  of th e  g e n e s  in  Us to g e th e r  w ith  n in e  g e n e s  in  UL 
h a v e  b e e n  sh o w n  to  b e  n o n - e s s e n t ia l  f o r  v i ra l  g ro w th  in  t i s s u e  
c u l tu r e  (U m ene, 1986; W eber e t  al., 1987; L o n g n e c k e r  a n d  Roizm an, 
1986; 1987).
T he g en o m es of th e  a lp h a h e r p e s v i r u s e s  HSV-1 a n d  VZV e x h ib it  
e x te n s iv e  c o n s e rv a t io n . T he m ajo r  o r ie n ta t io n  of VZV UL c o r r e s p o n d s  
to  th e  I I  iso m e rs  of HSV-1 a n d  e x h ib i ts  a n  e x te n s iv e ly  c o lin e a r  g e n e  
a r r a n g e m e n t .  T he genom e of th e  g a m m a h e rp e s v iru s  EBV is  g r e a t ly  
d iv e r g e d  from  t h a t  of HSV-1 a n d  VZV, in  b o th  g r o s s  genom e s t r u c t u r e  
a n d  o r g a n is a t io n . H o w e v e r ,a p p ro x im a te ly  29 o f th e  80 EBV g e n e s  a n d  
40 o f t h e  208 HCMV ORFs h a v e  c le a r ly  id e n t i f ie d  h o m ologues in  HSV 
a n d  VZV (B a e r  e t  a l. , 1984; D av iso n  a n d  T a y lo r , 1987; McGeoch e t  al., 
1988b; M cGeoch 1989; C hee e t  al., 1990).
IB. LYTIC CYCLE OF HSV-1 INFECTION
1. In itia tio n  o f In fe c t io n
In fe c t io n  o f a  ce ll w ith  HSV b e g in s  w ith  v i r a l  a d s o rp t io n  to  a n d  
p e n e t r a t io n  o f th e  ce ll m em b ran e . T h e se  a r e  s e p a r a b le  fu n c t io n s  
m e d ia te d  b y  v i r a l ly  e n c o d e d  g ly c o p r o te in s  w h ich  p r o t r u d e  from  th e  
v i r a l  e n v e lo p e . I n i t ia l  b in d in g  o f HSV a p p e a r s  to  b e  to  h e p a ra n  
s u lp h a te  on  th e  ce ll s u r f a c e  m em b ran e  (W uD unn a n d  S p e a r , 1989). 
H o w ev er, a  r e c e n t  r e p o r t  s u g g e s t s  t h a t  HSV-1 m ay p e n e t r a te  th e  ce ll 
fo llo w in g  a t ta c h m e n t  to  th e  h ig h  a f f in i ty  r e c e p to r  f o r  f ib r o b la s t  
g ro w th  f a c to r  (FG F) s in c e  u p ta k e  o f th e  v i r u s  is  g r e a t ly  r e d u c e d  in  
th e  p r e s e n c e  o f i n h ib i to r s  w h ich  b in d  th e  r e c e p to r .  I n  a d d it io n , 
t r a n s f e c t io n  o f t h e  FGF r e c e p to r  in to  a  n o n - e x p r e s s in g  ce ll l in e  n o n -  
p e rm is s iv e  f o r  HSV-1 r e s u l t e d  in  s u s c e p t ib i l i ty  of th e  c e lls  to  v i r a l  
in fe c t io n  (K a n e r  e t  al., 1990).
F o llow ing  a t ta c h m e n t ,  fu s io n  of th e  v i r a l  e n v e lo p e  w ith  th e  p lasm a 
m e m b ran e  o f th e  ce ll o c c u rs  (M organ  e t  al., 1968), l ib e r a t in g  th e  v i r a l  
c a p s id  in to  th e  c y to p la sm  (F u lle r  a n d  S p e a r , 1985). S e v e ra l  v i r a l  
g ly c o p r o te in s  a p p e a r  to  b e  in v o lv e d  in  th e s e  e v e n ts  (F u lle r  a n d  S p e a r , 
1985; J o h n s o n  e t  al., 1984; P a ra  e t  al., 1982; McGeoch a n d  D av ison , 
1986; G om pels a n d  M inson, 1986). A ro le  f o r  g ly c o p ro te in  C in  
a t ta c h m e n t  a n d  p e n e t r a t io n  b y  HSV-1 h a s  r e c e n t ly  b e e n  p ro p o s e d  
(L a n g e la n d  e t  al., 1990; C am p ad elli-F iu m e e t  al., 1990; H ero ld  e t  al., 
1991). G ly c o p ro te in  D h a s  b e e n  sh o w n  to  be  e s s e n t ia l  f o r  v i r u s  
p e n e t r a t io n  (L ig a s  a n d  J o h n s o n , 1988; J o h n s o n  a n d  L ig a s , 1988) a n d  
g ly c o p r o te in  B h a s  b e e n  im p lic a te d  in  v i r a l  p e n e tr a t io n  a n d  ce ll fu s io n
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(S a rim ie n to  e t  a l., 1979; M a n se rv ig i e t  al., 1977; Cai e t  a l ,  1988). In  
a d d it io n  t e m p e r a tu r e  s e n s i t iv e  s y n c y t ia l  p la q u e  m o rp h o lo g y  m u ta tio n s  
h a v e  b e e n  m ap p e d  to  th e  g e n e  e n c o d in g  gB (D eLuca e t  al., 1982; Bond 
e t  al., 1982; A d d iso n  e t  al., 1984; B zik  e t  aL, 1984; R u y e c h a n  e t  al., 
1979).
O nce in s id e  th e  ce ll th e  c a p s id  is  t r a n s p o r t e d  to  th e  n u c le a r  p o re  
w h e re  th e  v i r a l  DNA is  u n c o a te d  a n d  r e le a s e d  in to  th e  n u c le u s  
( B a tte r s o n  a n d  R oizm an, 1983; K nipe  e t  a l ,  1981).
2. H ost M acrom olecular S y n th e s is  D u ring HSV In fec tio n
L y tic  in fe c tio n  o f p e rm is s iv e  c e lls  w ith  HSV r e s u l t s  in  a  r a p id  
d e c r e a s e  in  th e  s y n th e s i s  o f h o s t  ce ll p o ly p e p t id e s  ( re v ie w e d  b y  
F e n w ic k , 1984). I n h ib i t io n  o f h o s t  ce ll DNA s y n th e s i s  o c c u rs  
c o n c o m ita n tly  w ith  r e p l ic a t io n  o f th e  v i r a l  genom e (R oizm an a n d  R oane, 
1964; K ap lan  a n d  B e n -P o ra t ,  1963).
R e d u c tio n  in  s y n th e s i s  of th e  m a jo r i ty  of h o s t  ce ll p o ly p e p tid e s  
(S y d is k is  a n d  R oizm an, 1967; 1968) a r i s e s  from  d is a g g r e g a t io n  of
p o ly r ib o so m e s  a n d  d e g r a d a t io n  o f h o s t  mRNA (N ish io k a  a n d  S i lv e r s te in ,  
1977; 1978; S c h e k  a n d  B a c h e n h e im e r , 1985). H ost s h u t - o f f  m ay b e  
d iv id e d  in to  tw o  d i s t i n c t  p h a s e s  i.e . 'e a r ly  s h u t - o f f ' ,  m e d ia te d  b y  a 
v i r io n  c o m p o n e n t, d u r in g  w h ich  h o s t  p o ly rib o so m e s  a n d  mRNAs a re  
r a p id ly  d e g r a d e d ,  a n d  'd e la y e d  s h u t - o f f ,  d e p e n d e n t  u p o n  v i r a l  g e n e  
e x p re s s io n ,  d u r in g  w h ic h  h o s t  mRNAs a r e  f u r t h e r  d e g r a d e d  (N ish ioka  
a n d  S i lv e r s te in ,  1977).
M u ta n ts  o f HSV d e f ic ie n t  in  e a r ly  o r  v i r io n - a s s o c ia te d  h o s t  s h u t -  
o f f  ( v h s ) h a v e  b e e n  is o la te d . T h e se  m u ta n ts  r e t a in  a  d e la y e d  s h u t - o f f  
f u n c t io n  (R ead  a n d  F r e n k e l ,  1983). S ta b i l i ty  o f b o th  h o s t  a n d  v i r a l  
mRNAs is  in c r e a s e d  in  c e lls  in f e c te d  w ith  v h s  m u ta n ts .  T he v h s  f a c to r  
a p p e a r s  to  b e  in v o lv e d  in  d is a g g r e g a t io n  o f p o ly rib o so m e s  a s  w ell a s  
n o n - s p e c i f ic  d e g r a d a t io n  o f h o s t  a n d  v i r a l  mRNAs (K w ong a n d  F re n k e l ,  
1987; O ro s k a r  a n d  R ead , 1987).
T he  d e g r e e  o f h o s t  s h u t - o f f  in d u c e d  b y  d i f f e r e n t  s t r a in s  o f HSV 
ty p e s  1  a n d  2  v a r ie s  a n d  i t  h a s  b e e n  p r o p o s e d  t h a t  th e  m echan ism  
m ay d i f f e r  b e tw e e n  th e  tw o v i r u s e s  (Hill e t  al., 1983; 1985). N o tab ly , 
m o st s t r a in s  o f HSV-2 a p p e a r  to  in h ib i t  h o s t  p r o te in  s y n th e s i s  m ore 
s e v e r e ly  t h a n  HSV-1 s t r a in s  ( P e re i r a  e t  a l ,  1977; S c h e k  a n d  
B a c h e n h e im e r , 1985).
T he  vhs~  m u ta tio n  h a s  b e e n  m ap p e d  to  th e  UL41 ORF (K w ong e t  
al., 1988). C lo n in g  o f th is  ORF from  HSV-2 s t r a in  G, w h ich  e n c o d e s  a 
p a r t i c u l a r ly  e f f e c t iv e  v h s  fu n c t io n  (F e n w ick  a n d  O w en, 1988), in to
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HSV-1 s t r a in  17, w h ich  is  le s s  e f f ic ie n t  in  e a r ly  s h u t - o f f ,  w as fo u n d  to  
c o n fe r  e f f ic ie n t  v h s  f u n c t io n  (F e n w ick  a n d  E v e r e t t  1990). I t  h a s  b e e n  
p ro p o s e d  t h a t  th e  w ild ty p e  p o ly p e p t id e  e n c o d e d  b y  UL41 m ay in te r a c t  
w ith  a  c e llu la r  p r o te in ,  a c t in g  t o g e th e r  to  d e s ta b i l is e  b o th  h o s t  a n d  
v i r a l  mRNA (K w ong a n d  F re n k e l ,  1989).
A lth o u g h  s y n th e s i s  of th e  m a jo r ity  of h o s t  p r o te in s  is  in h ib i te d  
u p o n  in fe c tio n  w ith  HSV, th e  p ro d u c t io n  of c e llu la r  s t r e s s  a n d  h e a t  
s h o c k  p r o te in s  is  s t im u la te d  (L a T h a n g u e  e t  al., 1984; P a te l  e t  al., 1986; 
Kemp e t  al., 1986).
3. R egu la tion  o f  HSV Gene E x p ressio n
L y tic  in fe c tio n  of c e lls  in  t i s s u e  c u l tu r e  r e s u l t s  in  e x p re s s io n  of 
HSV-1 g e n e s  a s  a  te m p o ra l  c a s c a d e  in  t h r e e  b ro a d  p h a s e s  i.e . 
im m e d ia te -e a r ly  (IE  o r  a lp h a ) , e a r ly  (E o r  b e ta )  a n d  la te  (L o r  gamm a) 
(H o n ess  a n d  R oizm an, 1974; C lem en ts e t  al., 1977).
HSV g e n e s  a r e  t r a n s c r i b e d  b y  h o s t  RNA p o ly m e ra se  I I  (A lwine e t  
al., 1974; P r e s to n  a n d  N ew ton, 1976; C o stan zo  e t  al., 1977). S y n th e s is  of 
s p e c if ic  mRNAs c o r r e la t e s  c lo se ly  w ith  th e  k in e t ic s  of e x p re s s io n  of th e  
e n c o d e d  p r o te in s  in d ic a t in g  t h a t  r e g u la t io n  o f HSV g e n e  e x p re s s io n  is  
l a r g e ly  u n d e r  t r a n s c r ip t i o n a l  c o n tro l  (Z h an g  a n d  W agner, 1987; Sm ith  
a n d  S a n d r i-G o ld in , 1988).
Im m e d ia te -e a r ly  g e n e  p r o d u c t s  a r e  th e  f i r s t  to  b e  e x p re s s e d , 
a p p e a r in g  a r o u n d  1 h  p .i. E x p re s s io n  c a n  o c c u r  in  th e  a b s e n c e  o f d e  
n o v o  p r o te in  s y n th e s i s  a n d  is  s h u t - o f f  b y  3 -4  h p i  (K ozak a n d  Roizm an, 
1974; C lem en ts  e t  al., 1977; J o n e s  a n d  R oizm an, 1979).
E a r ly  g e n e  p r o d u c t s  c a n  b e  o b s e r v e d  s h o r t ly  a f t e r  th e  a p p e a r a n c e
of IE  p r o te in s  a n d  p r io r  to  th e  o n s e t  o f DNA r e p l ic a t io n  (H oness a n d
R oizm an, 1974; C lem en ts  e t  al., 1977; W agner, 1985).
L a te  g e n e  p r o d u c t s  a r e  e x p re s s e d  a f t e r  th e  o n s e t  of DNA
re p l ic a t io n  (H o n ess  a n d  Roizm an, 1974; J o n e s  a n d  Roizm an, 1979;
C lem en ts  e t  al., 1977).
(a ) E x p re ss io n  o f  Im m ediate-E arly  G enes
F iv e  im m e d ia te -e a r ly  p o ly p e p t id e s  a r e  s p e c if ie d  b y  HSV-1, nam ely  
V m w llO , Vm wl75, Vmw63, Vmw6 8  a n d  Vm wl2. RNA m a p p in g  a n d  DNA 
s e q u e n c e  a n a ly s e s  h a v e  id e n t if ie d  th e  g e n e s  e n c o d in g  th e s e  
p o ly p e p t id e s  a s  IE 1, IE3, UL54, US1 a n d  US12 r e s p e c t iv e ly  (S ee  F ig u re  
2; C lem en ts  e t  al., 1979; Rixon e t  a l ,  1982; M u rch ie  a n d  M cGeoch, 1982; 
M cGeoch e t  al., 1985; 1986; 1988b; P e r r y  e t  al., 1986). G enes IE1 a n d  
IE 3  lie  e n t i r e ly  w ith in  R l a n d  Rs r e s p e c t iv e ly  a n d  a r e  t h u s  d ip lo id .
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US1 a n d  US12 h a v e  id e n t ic a l  p ro m o te rs  lo c a te d  w ith in  Rs b u t  d i s t in c t  
c o d in g  s e q u e n c e s  w ith in  Us. UL54, m ap p in g  w ith in  UL, is  th e  o n ly  IE 
g e n e  n o t  a s s o c ia te d  w ith  th e  m a jo r  r e p e a t  r e g io n s  of th e  v i r a l  genom e.
R e g u la tio n  o f IE  g e n e  e x p re s s io n  h a s  b e e n  e x te n s iv e ly  s tu d ie d . 
DNA s e q u e n c e  a n a ly s is  h a s  r e v e a le d  s e v e r a l  c is - a c t in g  e le m e n ts  lo c a te d  
u p s tr e a m  of th e  t r a n s c r ip t io n a l  in it ia t io n  s i te  of IE  g e n e s  w h ich  a re  
r e c o g n is e d  b y  b o th  c e llu la r  a n d  v i r a l  tra n s^ -a c tin g  f a c to r s  (M ackem 
a n d  R oizm an, 1980; 1981; M u rch ie  a n d  M cGeoch, 1982; W hitton  e t  al., 
1983; W hitton  a n d  C lem en ts, 1984a). D ele tion  a n a ly s e s  of IE g e n e  
p ro m o te rs  h a v e  d e f in e d  tw o  d i s t i n c t  d o m ain s  i.e . a  m inim al p ro m o te r  
r e g io n  c o n ta in in g  a 'T A T A -box1, lo c a te d  20-30  n u c le o t id e s  u p s tre a m  
fro m  th e  mRNA c a p  s i te  (M ackem  a n d  R oizm an, 1982a; b ; c; C o rd in g le y  
e t  al., 1983; C M P r e s to n  e t  al., 1984), a n d  a n  u p s tr e a m  r e g u la to r y  
r e g io n  c o n ta in in g  m u ltip le  c is  e le m e n ts . T h e se  c is  e le m e n ts  in c lu d e  
som e w h ic h  r e s p o n d  to  c e llu la r  t r a n s c r ip t i o n  f a c to r s  to  in c r e a s e  
e f f ic ie n c y  o f t r a n s c r i p t i o n  e g . 'GC b o x e s ' r e c o g n is e d  b y  th e  
t r a n s c r ip t i o n a l  a c t iv a to r  S p l  ( Jo n e s  a n d  T jia n , 1985; B r ig g s  e t  al.,
1986), a s  w ell a s  th e  c o n s e n s u s  s e q u e n c e  e le m en t ^’TAATGARAT3’, 
e s s e n t ia l  f o r  t r a n s - in d u c t io n  b y  th e  HSV v ir io n  te g u m e n t  p o ly p e p tid e  
Vmw65, e n c o d e d  b y  UL48 (M ackem  a n d  R oizm an, 1982b; C M P r e s to n  e t  
al., 1984; K r is t ie  a n d  R oizm an, 1984; C am pbell e t  al., 1984; D alrym ple  e t  
al., 1985; G a ffn ey  e t  aL, 1985; B zik  a n d  P r e s to n ,  1986; O 'H are a n d  
H a y w ard , 1987a). F o llow ing  e n t r y  of th e  HSV v ir io n  in to  th e  h o s t  ce ll, 
t h e  Vmw65 te g u m e n t  p r o te in  b eco m es lo c a liz e d  w ith in  th e  ce ll n u c le u s  
w h e re  i t  is  a b le  to  t r a n s in d u c e  HSV IE  g e n e s  a n d  e s ta b l i s h  a ly tic  
in fe c tio n .
T h e  Vmw65 p o ly p e p t id e  h a s  b e e n  sh o w n  to  la c k  th e  a b i l i ty  to  b in d  
d i r e c t ly  to  DNA (M a rsd e n  e t  a l.,1987) a n d  i t s  t r a n s a c t iv a t io n  a c t iv i ty  is  
th o u g h t  to  b e  m e d ia te d  b y  p r o te in - p r o te in  in te r a c t io n s  w ith  c e llu la r  
t r a n s c r i p t i o n  f a c to r s  w h ich  s p e c if ic a lly  r e c o g n is e  a n d  b in d  th e  
TAATGARAT s e q u e n c e  c o n s e n s u s  w ith in  IE  g e n e  p ro m o te rs  (Ace e t  al., 
1988; C o u se n s  e t  al., 1989). T he Vmw65 p o ly p e p t id e  fo rm s a com plex 
w ith  a t  l e a s t  tw o  c e llu la r  p r o te in s ,  te rm e d  th e  Im m e d ia te -E a r ly  Com plex 
(IE C ), w h ich  b in d s  s p e c if ic a lly  to  th e  TAATGARAT e le m e n t a n d  c a n  be  
a s se m b le d  in  v i t r o  (M cK nigh t e t  al., 1987; P r e s to n  e t  al., 1988; O 'H are 
a n d  G od ing , 1988; G e r s te r  a n d  R o e d e r, 1988; K r is t ie  e t  al., 1989; Ace e t  
al., 1988). F o rm a tio n  of th i s  com plex c o r r e la te s  w ith  e x p re s s io n  from  IE 
g e n e  p ro m o te rs  (O 'H are a n d  G od ing , 1988; Ace e t  al., 1988). T he 
c e l lu la r  t r a n s c r i p t i o n  f a c to r  OTF-1 (N F -III , TRF), w h ich  r e c o g n is e s  th e  
o c ta m e r  e le m e n t s-atgCA AAT3', h a s  b e e n  sh o w n  b o th  to  b in d  to  th e
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TAATGARAT e le m en t a n d  to  i n t e r a c t  w ith  th e  Vmw65 p o ly p e p tid e  
( P r u i jn  e t  al., 1986; F le tc h e r  e t  al., 1987; O 'H are a n d  G oding, 1988). 
T he C - te rm in a l 80 am ino a c id s  of th e  Vmw65 p o ly p e p tid e , w h ich  
c o m p rise  a  h ig h ly  a c id ic  dom ain , a r e  n e c e s s a r y  fo r  s tim u la tio n  of 
t r a n s c r ip t i o n a l  a c t iv i ty  b u t  d i s p e n s a b le  fo r  th e  fo rm a tio n  of IEC 
( T r ie z e n b e r g  e t  al., 1988a; S a d o w sk i e t  al., 1988; C o u sen s  e t  al., 1989; 
G re a v e s  a n d  O 'H are , 1989). A r e g io n  c lo se  to  th e  N - te rm in u s , w ith in  
am ino  a c id s  141-185, a p p e a r s  to  b e  n e c e s s a r y  a n d  s u f f ic ie n t  fo r  th e  
fo rm a tio n  of IEC ( T r ie z e n b e r g  e t  al., 1988a; W e rs tu c k  a n d  C apone, 
1989a; b ) . An HSV-1 m u ta n t,  in l8 1 4 , w h ich  la c k s  th e  a b il i ty  to  fo rm  IEC 
d u e  to  a  le s io n  in  g e n e  UL48 is  v ia b le  in  t i s s u e  c u l tu r e  b u t  d e fe c tiv e  
f o r  g ro w th  a t  low m .o.i.. T h is  s u g g e s t s  t h a t  tra n s^ -in d u c tio n  o f IE  g e n e  
e x p re s s io n  b y  Vmw65 is  p a r t i c u la r ly  im p o r ta n t  f o r  in it ia t io n  of 
in fe c tio n  a t  low m .o.i. (Ace e t  al., 1989).
A G A -rich  s e q u e n c e  e le m e n t h a s  b e e n  id e n t if ie d  w ith in  th e  
u p s tr e a m  r e g u la to r y  r e g io n  o f th e  IE3 g e n e  w h ich  b in d s  a c e llu la r  
f a c to r ,  a n d , th o u g h  u n r e la te d  to  th e  o p e ra t io n  of th e  TAATGARAT 
e le m e n t, m ay fu n c t io n  in  s y n e r g y  w ith  i t  (T r ie z e n b e r g  e t  al., 1988a; b; 
O 'H are a n d  H a y w ard , 1987; B zik a n d  P r e s to n ,  1986).
T he  p r o d u c t s  o f HSV g e n e s  UL46 a n d  UL47 h a v e  b e e n  im p lic a te d  
in  th e  m o d u la tio n  o f t r a n s a c t iv a t io n  of IE  g e n e  e x p re s s io n  b y  Vmw65 
(M cK nigh t e t  al., 1987). A d e le t io n  m u ta n t  la c k in g  th e  UL47 g e n e  
a p p e a r s  to  e x h ib i t  r e d u c e d  le v e ls  o f IE  g e n e  t r a n s - in d u c t io n  b y  
Vmw65. H ow ever, d e le t io n  m u ta n ts  o f HSV la c k in g  e i t h e r  UL46 , UL47 
o r  b o th  ORFs a r e  v ia b le  in  t i s s u e  c u l tu r e  a n d  p ro d u c e  Vmw65 in  
a m o u n ts  in d is t in g u is h a b le  from  w ild - ty p e  HSV (Z h an g  e t  al., 1991).
In  a d d it io n  to  Vmw65 a n d  c e l lu la r  t r a n s c r ip t i o n  f a c to r s ,  e x p re s s io n  
fro m  IE  g e n e  p ro m o te rs  is  r e g u la te d  b y  th e  v i r a l  IE  p r o te in s  VmwllO 
a n d  Vm wl75 (O 'H are  a n d  H a y w ard , 1985a;b; 1987; Gelman a n d
S i lv e r s te in ,  1987a;b).
(b )  F u n ctio n s  o f Im m ediate-E arly  Gene P r o d u cts
T he IE  p r o te in s  Vm wl75, V m wllO , Vmw6 8  a n d  Vmw63 a re  
p h o s p h o r y la te d  a n d  lo ca lise  to  th e  ce ll n u c le u s . Vm wl2, h o w e v e r , is  
n o t  p h o s p h o ry la te d  a n d  lo c a lis e s  in  th e  c y to p la sm  ( P e r e i r a  e t  al., 1977; 
M a rsd e n  e t  al., 1978; 1982; F e n w ic k  a n d  W alker, 1979; Hay a n d  Hay, 
1980; Wilcox e t  al., 1980; A ckerm an  e t  al., 1984).
(i)  Vm wl75
S tu d ie s  of t s  m u ta n ts  of HSV-1 h a v e  sh o w n  t h a t  fu n c t io n a l  Vmwl75 
is  r e q u i r e d  f o r  th e  s tim u la tio n  o f e x p re s s io n  o f b o th  e a r ly  a n d  la te
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g e n e s  a n d  a d d it io n a l ly  fo r  th e  r e p r e s s io n  of IE g e n e  e x p re s s io n . A 
le s io n  in  g e n e  IE3 of th e  m u ta n t  tsK r e s u l t s  in  th e  p ro d u c tio n  of 
a b e r r a n t  Vmwl75 a n d  th e  o v e r - p r o d u c t io n  of IE  g e n e  p r o d u c ts  a t  th e  
NPT. E a r ly  a n d  la te  g e n e  e x p re s s io n  is  n o t  in d u c e d  w ith  th e  e x c e p tio n  
of th e  la r g e  s u b u n i t  of r ib o n u c le o t id e  r e d u c ta s e ,  e n c o d e d  b y  UL39 
( P re s to n ,  1979a; W atson a n d  C lem en ts, 1980).
In  t r a n s f e c t io n  a s s a y s  Vmwl75 h a s  b e e n  sh o w n  to  s tim u la te  
t r a n s c r i p t i o n  from  a n  HSV-1 e a r ly  g e n e  p ro m o te r  l in k e d  to  a r e p o r t e r  
g e n e  ( E v e r e t t ,  1984a; 1986; Q u in lan  a n d  K n ipe , 1985; O 'H are a n d
H a y w ard , 1985a; Gelm an a n d  S i lv e r s te in ,  1986). T h is  t r a n s a c t iv a t io n  
a c t iv i ty  is  s y n e r g i s t i c a l ly  e n h a n c e d  w h en  Vmwl75 is  c o - t r a n s f e c te d  
w ith  Vm w llO  (D eL uca a n d  S c h a f f e r ,  1985; O 'H are a n d  H ay w ard , 1985a; 
E v e r e t t ,  1986). E x p re s s io n  from  a n  IE  g e n e  p ro m o te r  l in k e d  to  th e  
r e p o r t e r  g e n e  h a s  b e e n  sh o w n  to  b e  r e p r e s s e d  b y  Vmwl75 (O 'H are a n d  
H a y w ard , 1985b). H o w ev er, w h en  th e  a m o u n ts  of th e  V m w l7 5 -e x p re s s in g  
p la sm id  t r a n s f e c te d  a r e  low th e  p ro m o te rs  o f IE  g e n e s  IE3, US1 a n d  
US12 a r e  s t im u la te d  (D eL uca a n d  S c h a f f e r ,  1985; Gelman a n d  
S i lv e r s te in ,  1986).
A lth o u g h  m o st IE  p r o te in s  a r e  a b le  to  b in d  DNA (Hay a n d  Hay, 
1980; M e tz le r  a n d  Wilcox, 1985) o n ly  Vmwl75 e x h ib i ts  s e q u e n c e  
s p e c i f ic i ty  in  d o in g  so , b in d in g  th e  c o n s e n s u s  m otif s'ATCGTC3' (B e a rd  
e t  al., 1986; M ulle r, 1987). T h is  m otif o c c u rs  in  th e  p ro m o te r  r e g u la to r y  
r e g io n s  o f g e n e s  IE 1, IE3 a n d  UL54 (F a b e r  a n d  Wilcox, 1988; K ris tie  
a n d  R oizm an, 1986; P a te r s o n  a n d  E v e r e t t ,  1988) a n d  h a s  b e e n  
im p lic a te d  in  th e  r e p r e s s io n  o f e x p re s s io n  from  IE  p ro m o te rs , m o st 
c o n v in c in g ly  from  th e  IE3 g e n e  p ro m o te r  (G elm an a n d  S i lv e r s te in ,  1986; 
1987; D eL uca a n d  S c h a f f e r ,  1985; 1988; O 'H are a n d  H a y w ard , 1985b; 
1987; R o b e r ts  e t  a l., 1988; M uller, 1987; F a b e r  a n d  Wilcox, 1986a; 1988; 
B e a rd  e t  a i.,1986). Vmwl75 is  a b le  to  b in d  s e q u e n c e s  o th e r  th a n  th e  
ATCGTC m otif (K r is t ie  a n d  Roizm an, 1986; M ichael e t  al., 1988). H ow ever, 
n o  s e q u e n c e s  s p e c if ic a lly  r e s p o n s iv e  to  Vm wl75, o r  a n y  o th e r  v i r a l  o r  
c e l lu la r  t r a n s a c t iv a t o r  h a v e  b e e n  id e n t i f ie d  in  e a r ly  o r  la te  g e n e  
p ro m o te rs  ( E v e r e t t ,  1984a; Coen e t  aL, 1986; M ichael e t  al., 1988; 
K a tta r -C o o le y  a n d  Wilcox, 1989).
(ii)  VmwllO
T h o u g h  n o t  a b s o lu te ly  e s s e n t ia l  f o r  g ro w th  in  t i s s u e  c u l tu r e ,  
m u ta n ts  of HSV-1 c o n s t r u c te d  w ith  la r g e  d e le t io n s  in  b o th  c o p ie s  of 
g e n e  IE1 g ro w  p o o r ly  a t  low moi, in d ic a t in g  t h a t  a la c k  o f VmwllO 
r e d u c e s  th e  a b i l i ty  to  e s ta b l is h  a p r o d u c t iv e  in fe c tio n  (S tow  a n d  S tow , 
1986; S a c k s  a n d  S c h a f f e r ,  1987). At h ig h  moi b e h a v io u r  of th e  m u ta n t
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is  in d is t in g u is h a b le  from  w ild - ty p e . A c o n s e q u e n c e  of th e  r e d u c e d
a b il i ty  of th e  m u ta n t  to  in i t ia te  in fe c tio n  a t  low m.o.i. is  t h a t  th e  r a t io
of p a r t ic le s r p f u  is  r a i s e d  (S tow  a n d  S tow , 1986; S a c k s  a n d  S c h a ffe r , 
1987; E v e r e t t ,  1989).
V m wllO is  a  p o te n t  t r a n s a c t iv a t o r  of b o th  v i r a l  p ro m o te rs  of a ll 
c la s s e s  a n d  c e l lu la r  p ro m o te rs , a n d  c a n  a c t  in d e p e n d e n tly  o r  in  
s y n e r g y  w ith  Vmwl75 ( E v e re t t ,  1984a; 1985; 1986; Q u in lan  a n d  K nipe, 
1985; M av ro m ara -N azo s  e t  al., 1986; O 'H are a n d  H ay w ard , 1985a; D eLuca 
a n d  S c h a f f e r ,  1985). Vm wllO , in  th e  a b s e n c e  of Vm wl75, h a s  b e e n  
sh o w n  to  r e a c t iv a te  HSV-2 from  c e lls  l a te n t ly  in fe c te d  in  v i t r o  (R u sse ll
e t  al., 1987b; H a r r is  e t  al., 1989).
( iii)  Vmw63
Vmw63 is  e s s e n t ia l  f o r  g ro w th  in  t i s s u e  c u l tu r e  s in c e  d e le tio n  
m u ta n ts  o f HSV-1 w h ich  fa il to  e x p r e s s  th e  p r o te in  a r e  u n a b le  to  
r e p l ic a te  on  n o n -c o m p le m e n tin g  ce ll l in e s  (M cC arthy  e t  al., 1989). 
T e m p e r a tu r e - s e n s i t iv e  m u ta n ts  o f HSV w ith  le s io n s  in  UL54 
o v e rp r o d u c e  Vmw63 a n d  a n  a b e r r a n t  fo rm  of Vmwl75 a t  th e  NPT 
(S a c k s  e t  al., 1985; R ice a n d  K nipe, 1988). T h e y  e x p re s s  e a r ly  g e n e s  
a n d  r e p l ic a te  t h e i r  g en o m e s  b u t  e a r ly - l a te  g e n e  e x p re s s io n  is  r e d u c e d  
a n d  no  t r u e - l a t e  g e n e s  a r e  in d u c e d . D ele tion  m u ta n ts  o v e r - p r o d u c e  
e a r ly  g e n e  p r o d u c t s  a n d  a lso  fa il  to  in d u c e  t r u e - l a t e  g e n e s . T h e se  
o b s e r v a t io n s  s u g g e s t  a  ro le  f o r  Vmw63 in  th e  r e g u la t io n  o f e a r ly  a n d  
la te  g e n e  e x p re s s io n  a n d  p e r h a p s  a lso  o f IE  g e n e  e x p re s s io n  
(M c C arth y  e t  al., 1989).
In  t r a n s f e c t io n  a s s a y s  Vmw63 h a s  b e e n  sh o w n  to  t r a n s a c t iv a t e  
t r a n s c r i p t i o n  from  a n  e a r ly  g e n e  p ro m o te r  (R ice a n d  K nipe, 1988). In  
a d d it io n , Vmw63 h a s  b e e n  sh o w n  to  t r a n s a c t iv a t e  a  n u m b e r  of e a r ly  
g e n e  p ro m o te rs  in  s y n e r g y  w ith  Vm wllO a n d  Vm wl75, a n d  c o n v e rs e ly  
to  r e p r e s s  t r a n s c r i p t i o n  from  som e p ro m o te rs  s y n e r g is t i c a l ly  
t r a n s a c t iv a t e d  b y  Vm wllO a n d  Vmwl75 (S e k u lo v ic h  e t  al., 1988; 
E v e r e t t ,  1986; R ice a n d  K nipe, 1988). T o g e th e r  w ith  Vm wllO a n d  
V m w l75, Vmw63 t h e r e f o r e  a p p e a r s  to  b e  in v o lv e d  in  b o th  d o w n - 
r e g u la t io n  a n d  in d u c t io n  of HSV g e n e  e x p re s s io n .
( iv )  Vmw68
T h o u g h  Vmw6 8  is  n o n - e s s e n t ia l  f o r  g ro w th  in  t i s s u e  c u l tu r e ,  a 
d e le t io n  m u ta n t  o f HSV la c k in g  th e  C - te rm in a l o n e - th i r d  of th e  
p o ly p e p t id e  g ro w s  p o o r ly  in  c e r ta in  ce ll ty p e s  (P o s t  a n d  R oizm an, 
1981) a n d  e x h ib i ts  d e c re a s e d  n e u ro v i r u le n c e  in  m ice (S e a r s  e t  aL,
1985). Im p a ire d  g ro w th  a p p e a r s  to  b e  d u e  to  r e d u c e d  la te  g e n e  
e x p re s s io n , im p ly in g  a  ro le  f o r  Vmw6 8  in  th e  r e g u la t io n  o f la te  g e n e
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e x p re s s io n  (S e a r s  e t  al., 1985).
(v )  Vm wl2
Vm wl2, is  n o t  e s s e n t ia l  f o r  g ro w th  s in c e  d e le tio n  m u ta n ts  w h ich  
fa il  to  p ro d u c e  th e  Vmwl2 p o ly p e p t id e  g ro w  a s  e f f ic ie n tly  a s  w ild - ty p e  
HSV (L o n g n e c k e r  a n d  Roizm an, 1986; U m ene, 1986; B row n a n d  H arlan d ,
1987).
(c )  E x p re s s io n  o f E a r ly  G enes
E a r ly  g e n e  e x p re s s io n  b e g in s  a f t e r  th e  a p p e a r a n c e  of fu n c t io n a l  IE 
g e n e  p r o d u c t s  a n d  is  d e p e n d e n t  u p o n  p ro m o te r  t r a n s a c t iv a t io n  b y  th e  
IE  p r o te in s  (H o n ess  a n d  R oizm an, 1974; C lem en ts e t  al., 1977; W agner, 
1985; W einheim er a n d  M cK nigh t, 1987; Z hang  a n d  W agner, 1987). The 
p r o d u c t s  o f th e  g e n e s  in  th is  g r o u p  can  b e  d iv id e d  in to  tw o
s u b g r o u p s  on  th e  b a s is  of t h e i r  e x p re s s io n  k in e t ic s  ie. e a r ly  (p i) a n d  
d e la y e d - e a r ly  (p 2). G enes o f b o th  s u b g r o u p s  a r e  e x p re s s e d  p r io r  to
th e  o n s e t  o f DNA r e p l ic a t io n  th o u g h  d e la y e d - e a r ly  g e n e s  a r e  n o t fu lly
e x p r e s s e d  u n t i l  a f t e r .  UL39, w h ich  e n c o d e s  th e  la r g e  s u b u n i t  of 
r ib o n u c le o t id e  r e d u c t a s e ,  is  c la s s e d  a s  a n  e a r ly  g e n e  b u t  a p p e a r s
'in te r m e d ia te ' b e tw e e n  e a r ly  a n d  im m e d ia te -e a r ly  s in c e  i t s  e x p re s s io n  
c a n  b e  d e te c te d  p r io r  to  a c t iv a t io n  of i t s  p ro m o te r  b y  IE p ro te in s  
(R oizm an a n d  B a t te r s o n ,  1985; W ym er e t  al., 1989).
L in k e r  s c a n n in g  m u ta g e n e s is  o f th e  p ro m o te r  a n d  u p s tr e a m  
r e g u la to r y  r e g io n s  of th e  HSV-1 TK g e n e  h a s  d e f in e d  fu n c t io n a l  
e le m e n ts  w h ich  in c lu d e  a  'T A T A -box ', GA- a n d  G C -rich  s e q u e n c e s  a n d  
'CCA A T-box' e le m e n ts  (M cK nigh t a n d  K in g s b u ry , 1982; 1984b; E is e n b e rg  
e t  al., 1985; El K a ra h  e t  a l ,  1985).C e llu la r  t r a n s c r ip t i o n  f a c to r s  a r e  
k n o w n  to  i n t e r a c t  w ith  th e s e  e le m e n ts  ( Jo n e s  e t  al., 1985; G ra v e s  e t  
a l ,  1986). M u ta tio n a l a n a ly s is  o f e a r ly  g e n e  p ro m o te rs  h a s  r e v e a le d  no 
s e q u e n c e  e le m e n ts  s p e c if ic  fo r  t r a n s a c t iv a t io n  b y  HSV g e n e  p r o d u c ts  
s u g g e s t in g  t h a t  s tim u la tio n  o f e a r ly  g e n e  e x p re s s io n  b y  IE p r o te in s  is  
m e d ia te d  in d i r e c t ly  th r o u g h  in te r a c t io n  w ith  c e llu la r  t r a n s c r ip t i o n  
f a c to r s  ( E v e r e t t ,  1984b; E is e n b e rg  e t  a l ,  1985; Coen e t  a l ,  1986).
(d )  E x p re s s io n  o f L a te  G enes
L a te  g e n e  e x p re s s io n  is  d e p e n d e n t  u p o n  th e  p r e s e n c e  o f fu n c t io n a l  
IE  a n d  E g e n e  p r o d u c t s  a n d  u p o n  v i r a l  DNA s y n th e s i s ,  w h ich  is  
b r o u g h t  a b o u t  b y  a  s u b s e t  of e a r ly  g e n e  p r o d u c ts .  P re v e n t io n  of DNA 
s y n th e s i s  b y  m etab o lic  in h ib i to r s  o r  b y  te m p e r a tu r e - s e n s i t iv e  
m u ta tio n s  r e s u l t s  in  f a i lu r e  ^ e f f ic ie n t ly  e x p re s s  la te  g e n e s  (H o n ess  a n d  
R oizm an, 1974; Pow ell e t  al., 1975; H olland  e t  al., 1980; C onley  e t  al.,
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1981; P e d e rs o n  e t  al., 1981; S w an s tro m  a n d  W agner, 1974). V a ria tio n  in  
th e  k in e t ic s  o f p r o te in  e x p re s s io n  e x is ts  b e tw e e n  m em bers of th is  
g r o u p ,  w h ic h , a s  a  c o n s e q u e n c e , c a n  b e  d iv id e d  in to  tw o s u b g r o u p s  ie. 
l e a k y - la te  (gam m ai) a n d  t r u e - l a t e  (gam m a2). G enes of b o th  s u b g ro u p s  
a r e  fu lly  e x p r e s s e d  o n ly  fo llow ing  th e  o n s e t  of DNA re p lic a t io n . Some 
d e g r e e  of e x p re s s io n  of l e a k y - la te  g e n e s  o c c u rs  b e fo re  DNA s y n th e s i s  
is  in i t ia te d  th o u g h  t r u e - l a t e  g e n e  p r o d u c t s  a r e  u n d e te c ta b le  a t  th is  
tim e (R oizm an a n d  B a t te r s o n , 1985; W agner, 1985). F u n c tio n a l Vmwl75 
h a s  b e e n  sh o w n  to  b e  c o n tin u a lly  r e q u i r e d  fo r  th e  e x p re s s io n  of la te  
g e n e s  (W atson  a n d  C lem en ts, 1980) a n d  a s  w ith  e a r ly  p ro m o te rs  no 
s e q u e n c e s  s p e c if ic  f o r  t r a n s a c t iv a t io n  b y  v i r a l  g e n e  p r o d u c ts  can  be  
id e n t i f ie d  in  la te  g e n e  p ro m o te rs  ( E v e r e t t ,  1984b).
T he p ro m o te rs  o f HSV la te  g e n e s  US11, UL19 a n d  UL44 h a v e  b e e n  
sh o w n  to  r e s p o n d  to  t r a n s a c t iv a t io n  b y  IE  p r o te in s  (C o sta  e t  al., 1985; 
S h a p ira  e t  al., 1987; J o h n s o n , 1987). D e ta iled  m u ta tio n a l a n a ly s is  of th e  
p ro m o te rs  o f g e n e s  US11 a n d  UL44 h a s  d e f in e d  a r e g io n  31 b p  
u p s tr e a m  from  th e  t r a n s c r i p t i o n  s t a r t  s i te  to  b e  n e c e s s a r y  a n d  
s u f f ic ie n t  f o r  in i t ia t io n  o f t r a n s c r ip t i o n .  T h is  r e g io n , w h ich  c o n ta in e d  
th e  'TA TA -box' a n d  th e  mRNA c a p  s i te ,  w as fu n c t io n a l  o n ly  w h en  an  
a c t iv a te d  o r ig in  o f DNA re p l ic a t io n  w as p r e s e n t  in  c is  ( Jo h n s o n  a n d  
E v e r e t t ,  1986a; Homa e t  al., 1986).
L a te  g e n e  p ro m o te rs  la c k  th e  u p s tr e a m  r e g u la to r y  s e q u e n c e s  
p r e s e n t  in  IE  a n d  E g e n e  p ro m o te rs . 'E a r ly ' r e g u la t io n  o f g e n e  US6 , 
w h ic h  e n c o d e s  th e  v i r io n  g ly c o p r o te in  D, m ay b e  c o n v e r te d  to  'l a te ' 
r e g u la t io n  b y  th e  re m o v a l o f th e s e  u p s tr e a m  s e q u e n c e s  to  le a v e  a 
p ro m o te r  r e g io n  c o n ta in in g  o n ly  a  'TA TA -box' a n d  mRNA c a p  s i te  w hose  
e x p re s s io n  is  th e n  d e p e n d e n t  u p o n  th e  a c t iv i ty  o f a n  o r ig in  of 
r e p l ic a t io n  in  c is  ( J o h n s o n  a n d  E v e r e t t  1986b). T he in a b i l i ty  o f a  
p ro m o te r  to  r e s p o n d  to  c e l lu la r  f a c to r s  w h ich  s tim u la te  IE  a n d  E g e n e  
e x p re s s io n  t h e r e f o r e  a p p e a r s  to  r e s u l t  in  la te  e x p re s s io n .
T he  ro le  of DNA r e p l ic a t io n  in  th e  e x p re s s io n  o f la te  g e n e s  is  n o t  
c o m p le te ly  c le a r .  T he in c r e a s e  in  te m p la te  co p y  n u m b e r  fo llo w in g  th e  
o n s e t  o f DNA re p l ic a t io n  c o n t r ib u te s  to  in c r e a s e d  la te  g e n e  e x p re s s io n . 
H o w ev er, in  t r a n s f e c t io n  e x p e r im e n ts  ( J o h n s o n  a n d  E v e r e t t ,  1986a), 
mRNA a c c u m u la tio n  w as s ig n if ic a n t ly  g r e a t e r  th a n  c o u ld  b e  e x p la in e d  
b y  th e  te m p la te  co p y  n u m b e r  a lo n e . An o r ig in  o f r e p l ic a t io n  m ay 
p ro v id e  a n  e s s e n t ia l  c is - a c t in g  fu n c t io n , p a r t i c u la r ly  in  th e  a b s e n c e  of 
s e q u e n c e  e le m e n ts  r e c o g n is e d  b y  c e llu la r  t r a n s c r ip t i o n  f a c to r s ,  o r  th e  
r e p l ic a t iv e  m a c h in e ry  m ay b e  in v o lv e d . A l te rn a tiv e ly ,  a n  o p p o r tu n i ty  
f o r  t r a n s c r i p t i o n  to  p ro c e e d  m ay b e  p r e s e n te d  fo llow ing  s t r u c t u r a l
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j ^ - S t u d i e s  o f  g e n o m e  r e p l i c a t i o n  i n  H S V  a n d  p s e u d o r a b i e s  v i r u s  ( P R V )  
h a v e  s h o w n  s i m i l a r i t i e s  b e t w e e n  t h e  t w o  v i r u s e s .
c h a n g e s  a r i s in g  d u r in g  th e  r e p l ic a t iv e  e v e n t  (Jo h n s o n  a n d  E v e r e t t ,  
1986a; M av ro m ara -N azo s a n d  R oizm an, 1987).
4. R ep lication  o f HSV DNA
F o llow ing  th e  r e le a s e  of v i r a l  DNA in to  th e  in fe c te d  ce ll n u c le u s  
th e  genom e r a p id ly  becom es c i r c u la r i s e d  (Ja c o b  a n d  Roizm an, 1977;
| p  H 'l t/  - 1
B e n -P o ra t  a n d  V each , 1980; P o f f e n b e r g e r  a n d  R oizm an, 1985)v\  T h is  is 
t h o u g h t  to  b e  a c h ie v e d  v ia  d i r e c t  l ig a tio n  of th e  tw o te rm in a l a 
s e q u e n c e s  (D av iso n  a n d  W ilkie, 1983; P o f f e n b e r g e r  e t  a i., 1983). 3' 
s in g le  b a s e  e x te n s io n s  p r e s e n t  a t  b o th  th e  L a n d  S te rm in i may 
f a c i l i ta te  th i s  l ig a tio n  e v e n t  (M o ca rsk i a n d  R oizm an, 1982a; b ; D avison  
a n d  R ixon, 1985). F o llow ing  e n t r y  in to  th e  n u c le u s  im m e d ia te -e a r ly  a n d  
e a r ly  v i r a l  g e n e  p r o d u c t s  a r e  e x p r e s s e d  a n d  s y n th e s i s  of v i r a l  DNA 
b e g in s .
A n a ly s is  of r e p l ic a t iv e  in te r m e d ia te s  h a s  r e v e a le d  s e v e ra l  
im p o r ta n t  f e a t u r e s  o f th e  DNA s y n th e t ic  p ro c e s s .  HSV r e p l ic a t iv e  
in te r m e d ia te s ,  p u ls e  la b e lle d  in  in f e c te d  t i s s u e  c u l tu r e  c e lls  w ith  [3H ]- 
th y m id in e , c h a r a c te r i s t ic a l ly  s e d im e n t m ore  r a p id ly  in  n e u t r a l  s u c ro s e  
g r a d i e n t s  t h a n  do  u n i t  genom e le n g th s  o f v i r a l  DNA (Ja c o b  a n d  
R oizm an, 1977). R e s tr ic t io n  en zy m e  d ig e s t io n  o f la b e lle d  HSV re p l ic a t iv e  
in te r m e d ia te  DNA h a s  sh o w n  i t  to  b e  'e n d le s s ' ie . te rm in a l f r a g m e n ts  
c a n n o t  b e  d e te c te d  a n d  a r e  t h u s  p re s u m e d  to  b e  jo in e d  h e a d - to - t a i l  
( J a c o b  e t  al., 1979; J o n g e n e e l  a n d  B a c h e n h e im e r , 1981). T he r a t e  of 
s e d im e n ta tio n  in  n e u t r a l  s u c r o s e  g r a d i e n t s  is  v a r ia b le  a m o n g s t
C  f  H iT v  i l A d
r e p l ic a t iv e  in te r m e d ia te s > T h o se  p r e s e n t  e a r ly  in  in fe c tio n , a ro u n d  2-3  
h p i ,  s e d im e n t a t  u p  to  tw ice  th e  r a t e  o f u n i t  le n g th  v i r a l  DNA. L a te r ,  
a t  4 - 6  h p i ,  r e p l ic a t iv e  in te rm e d ia te s  s e d im e n t 1 0 0  t im es  f a s t e r  th a n  
u n i t  l e n g th  DNA (Ja c o b  a n d  R oizm an, 1977; B e n -P o ra t  a n d  T o k azew sk i, 
1977). I t  h a s  b e e n  p ro p o s e d  t h a t  th o s e  o f th e  f i r s t  g r o u p  r e p r e s e n t  an  
in i t ia l  a m p lif ic a tio n  o f th e  v i r a l  genom e te m p la te  a s  c i r c u la r  m onom ers 
( B e n -P o ra t  a n d  T o k a z ew sk i, 1977). I n te r m e d ia te s  a r i s in g  l a t e r  in  
in fe c t io n  h a v e  b e e n  o b s e rv e d ,  b y  e le c tr o n  m ic ro sc o p y , a s  'l a r g e  
t a n g le d  m a s s e s ' (B e n -P o ra t  a n d  R ixon, 1979). T h e ir  s e d im e n ta tio n  
p r o p e r t i e s  a n d  la c k  o f genom e te rm in i s u g g e s t ,  a t  l e a s t  a t  la te  tim es 
of in fe c t io n , t h a t  r e p l ic a t io n  of v i r a l  DNA m ay o c c u r  b y  a r o l l in g - c ir c le  
m ech an ism  w h ic h  g e n e r a te s  c o n c a te m e rs  o f th e  v i r a l  g enom e l in k e d  
h e a d - to - t a i l  ( Ja c o b  e t  al., 1979). U n it genom e le n g th s  a r e  s u b s e q u e n t ly  
c le a v e d  a n d  p a c k a g e d  in to  v ir io n s  (V lazny  e t  al., 1982).
E le c tro n  m ic ro sc o p y  a n d  a lk a lin e  a g a ro s e  g e l e le c t r o p h o r e s i s  of th e  
p r o d u c t s  s y n th e s iz e d  b y  in fe c te d  ce ll e x t r a c t s  on  a p r e —fo rm e d
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r e p l ic a t io n  f o rk  s u g g e s t s  t h a t  th e y  a r i s e  b y  a ro l l in g - c ir c le  m echan ism  
of r e p l ic a t io n  (R a b k in  a n d  H anlon , 1990). T he se d im e n ta tio n  p r o p e r t ie s  
of r e p l ic a t iv e  in te rm e d ia te s  p r e s e n t  la te  in  in fe c tio n  m ig h t, h o w e v e r, 
b e  d u e  to  to p o lo g ic a l l in k a g e  of d a u g h te r  m olecu les o r  to  hom ologous 
re c o m b in a tio n  b e tw e e n  r e p l ic a t in g  genom es (Jo n g e n e e l a n d  
B a c h e n h e im e r , 1981). T h is  l a t t e r  h y p o th e s is  is  s u p p o r te d  in d ir e c t ly  b y  
r e p o r t e d  h ig h  le v e ls  of hom ologous re c o m b in a tio n  e x h ib i te d  b y  HSV in 
in f e c te d  c e lls  (S m iley  e t  al., 1980; S c h a f f e r  e t  al., 1974; H oness e t  al.,
1980). T he h ig h  f r e q u e n c y  of re c o m b in a tio n  a p p e a r s  c lo se ly  lin k e d  to  
v i r a l  DNA r e p l ic a t io n  p r o c e s s  (W eber e t  al., 1988). R o llin g -c irc le  
r e p l ic a t io n  of DNA a n d  hom ologous re c o m b in a tio n  b e tw e e n  d a u g h te r  
m o lecu le s  a r e  h o w e v e r , n o t  m u tu a lly  e x c lu s iv e .
D u r in g  th e  c o u r s e  o f DNA re p l ic a t io n  th e  tw o s e g m e n ts  of th e  v ira l  
g en o m e, L a n d  S, i n v e r t  r e l a t iv e  to  e a c h  g iv in g  r i s e  to  f o u r  s t r u c tu r a l  
iso m e rs . All iso m e rs  a r i s e  in  e q u im o la r  a m o u n ts  a n d  a r e  fu n c tio n a lly  
e q u iv a le n t  ( P r e s to n  e t  al., 1978; P o f f e n b e r g e r  e t  al., 1983; J e n k in s  a n d  
R oizm an, 1986). A lth o u g h  th e  a s e q u e n c e  h a s  b e e n  sh o w n  to  be  
s u f f i c i e n t  f o r  in v e r s io n ,  re c o m b in a tio n  b e tw e e n  o th e r  s e q u e n c e s  
in v e r t e d ly  r e p e a te d  in  th e  g enom e h a s  a lso  b e e n  sh o w n  to  c a u se  
in v e r s io n  (P o g u e -G e ile  e t  al., 1985; J e n k in s  e t  al., 1985; V arm uza a n d  
Sm iley , 1985; W eber e t  al., 1987; 1988).
T h e  HSV g enom e s p e c if ie s  b o th  c is -  a n d  t r a n s - a c t in g  fu n c t io n s  
in v o lv e d  in  th e  r e p l ic a t io n  of v i r a l  DNA. T h e se  w ill b e  d i s c u s s e d  in  
som e d e ta i l  in  th e  n e x t  s e c t io n  o f th e  in t r o d u c t io n  (S e c tio n  3).
5. P a ck a g in g  o f  HSV DNA an d  A ssem b ly  o f M ature V irions
T h e  a s e q u e n c e  h a s  b e e n  sh o w n  to  c o n ta in  a ll th e  n e c e s s a r y  c is -  
a c t in g  e le m e n ts  r e q u i r e d  f o r  s i t e - s p e c i f ic  c le a v a g e  a n d  p a c k a g in g  of 
p r o g e n y  v i r a l  g e n o m es. I n s e r t io n  o f a n  a d d it io n a l  a s e q u e n c e  
g e n e r a te s  n o v e l te rm in i  a t  th e  p o s it io n  o f in s e r t io n  (Sm iley  e t  al., 
1981; M o carsk i a n d  Roizm an, 1982a; b ; V arm uza a n d  Sm iley, 1985). 
H e te ro lo g o u s  DNA c o n ta in in g  an  a s e q u e n c e  a n d  a n  HSV o r ig in  h a s  
b e e n  sh o w n  to  becom e p a c k a g e d  a n d  p r o p a g a te d  a s  a  d e fe c t iv e  genom e 
in  th e  p r e s e n c e  of h e lp e r  v i r u s  (S tow  e t  al., 1983; 1986; D eiss a n d  
F r e n k e l ,  1986).
T he  e v e n ts  of c le a v a g e  a n d  p a c k a g in g  a r e  c lo se ly  c o u p le d  
a l th o u g h  th e  p r e c i s e  o r d e r  of e v e n ts  a t  th e  a s e q u e n c e  is  n o t 
c o m p le te ly  r e s o lv e d  (L a d in  e t  al., 1980; V lazny  e t  al., 1982; D eiss a n d  
F r e n k e l ,  1986; A d d iso n , 1986). F ig u r e  3 i l l u s t r a t e s  th e  a s e q u e n c e , th e  





F ig u re  3 . The HSV-1 a  seq u en ce
The u p p e r p a r t  o f  th e  f ig u r e  shows th e  HSV-1 genome. S o l id  l in e s  
r e p r e s e n t  u n iq u e  s e q u e n c e s . I n v e r te d  r e p e a t s  a r e  in d ic a te d  a s  b , b ' , c 
and  c '  (TRL, IRl> IRs and TRs r e s p e c t i v e l y ) .  O rg a n iz a tio n  w ith in  a  
copy o f  th e  a  seq u en ce  from  th e  L /S ju n c t io n  ( a ' )  i s  shown below  and 
co m p rise s  th e  f o l lo w in g :
1. U nique se q u en c e s  Ub and Uc r e s p e c t i v e ly  lo c a te d  p ro x im a l t o  b '  
and  c ' s e q u e n c e s .
2 . A d i r e c t  r e p e a t  o f  17-21bp , DRi ( f i l l e d  b o x e s ) ,  lo c a te d  a t  
e i t h e r  end o f  th e  a  se q u en c e .
3 . A d i r e c t l y  r e p e a te d  12bp e le m e n t, DR2 (open  b o x e s ) ,  p r e s e n t  in  
1 - 2 2  c o p ie s .
4 . A d i r e c t l y  r e p e a te d  37bp e le m e n t, DR4 ( s t i p p l e d  b o x e s ) , p r e s e n t  
in  0 -3  c o p ie s .
a t  e a c h  e n d  of th e  s e q u e n c e . D ire c t r e p e a ts  DR2 a n d  DR4, w h ich  v a ry  
in  c o p y  n u m b e r , o c c u r  in te r n a l ly  (D av iso n  a n d  W ilkie, 1981; M ocarsk i 
a n d  R oizm an, 1981). T he DR2 e le m e n t h a s  b e e n  im p lic a te d  in  h ig h  
f r e q u e n c y  s i te - s p e c i f ic  re c o m b in a tio n  d u r in g  genom e iso m e riz a tio n  
(C hou  a n d  R oizm an, 1986). H ow ever, th e  HSV-2 a s e q u e n c e  d o es  n o t 
c o n ta in  DR2 e le m e n ts  (D av ison  a n d  W ilkie, 1981). A d ja c e n t to  th e  DRi 
e le m e n ts  lie  tw o lo ca lly  u n iq u e  r e g io n s ,  U* a n d  Uc, p rox im al to  r e p e a t  
s e q u e n c e s  b  (R l) a n d  c  (Rs) r e s p e c t iv e ly .  D ele tion  a n a ly s is  of th e  a 
s e q u e n c e  h a s  in d ic a te d  t h a t  th e s e  u n iq u e  s e q u e n c e s  a r e  im p o r ta n t  fo r  
c le a v a g e  a n d  p a c k a g in g  o f v i r a l  DNA (V arm uza  a n d  Sm iley, 1985) a n d  
t h a t  th e  tw o  s e q u e n c e s  fu n c t io n  in  c o n c e r t  (D eiss  e t  a l ,  1986). 
A lth o u g h  th e  n u c le o t id e  s e q u e n c e  o f th e  a  s e q u e n c e  is  v a r ia b le  
b e tw e e n  HSV-1 a n d  HSV-2, tw o h ig h ly  c o n s e rv e d  s e q u e n c e s  a re  
a p p a r e n t ,  te rm e d  p a c -1  a n d  p a c -2 , w h ich  a r e  lo c a te d  in  Uj, a n d  Uc 
r e s p e c t iv e ly  ( F ig u r e  3).
M odels f o r  th e  e v e n ts  o c c u r r in g  a t  th e  a s e q u e n c e  d u r in g  
c le a v a g e  a n d  p a c k a g in g  h a v e  b e e n  p r o p o s e d  (V arm uza a n d  Sm iley, 
1985; D eiss  e t  al., 1986). DRi e le m e n ts  a t  th e  L a n d  S te rm in i of th e  
HSV g enom e a r e  in c o m p le te  a n d  m ay b e  l ig a te d  to  fo rm  a  n o v e l jo in t  
s e q u e n c e  s u c h  t h a t  ta n d e m  a s e q u e n c e s  s h a r e  a  DRi e lem en t. 
C o n c a te m e ric  m o lecu les  o f DNA g e n e r a te d  b y  r o l l in g - c ir c le  r e p l ic a t io n  
will c o n ta in  t h i s  n o v e l jo in t  s e q u e n c e  w h ic h  will a r i s e  o n ce  e v e r y  u n i t  
gen o m e l e n g th .  A p u ta t iv e  c le a v a g e /p a c k a g in g  com plex m ay r e c o g n is e  
th e  n o v e l s e q u e n c e  e a c h  tim e i t  o c c u rs  in  a  p a r t i c u l a r  o r ie n ta t io n ,  a n d  
c le a v e  a t  th e  s h a r e d  DRi e le m e n t to  g e n e r a te  u n i t  l e n g th  g en o m es. 
H o w ev er, s p e c if ic a lly  c o n s t r u c te d  d e fe c t iv e  g en o m es w ith  a n  a 
s e q u e n c e  a t  o n ly  o n e  te rm in u s  h a v e , fo llo w in g  DNA re p l ic a t io n , b e e n  
sh o w n  to  h a v e  a n  a s e q u e n c e  a t  b o th  te rm in i. T h is  s u g g e s t s  t h a t  
d u p l ic a t io n  m ay o c c u r , p e r h a p s  fo llow ing  a  s ta g g e r e d  c le a v a g e  a c ro s s  
a n  a s e q u e n c e  fo llow ed  b y  r e p a i r  s y n th e s i s  to  g e n e r a te  tw o  fu ll  a 
s e q u e n c e s .
P a c k a g in g  o f u n i t  genom e l e n g th s  a p p e a r s  to  o c c u r  c o n c u r r e n t ly  
w ith  c le a v a g e , a n d  to  b e  in i t ia te d  b y  c le a v a g e  a t  a n  a s e q u e n c e . T he 
f r e e  te r m in u s  t h u s  g e n e r a te d  m ay b e  in s e r t e d  in to  a  p re - fo rm e d  
c a p s id  s t r u c t u r e  in to  w h ich  th e  DNA is  c o n tin u o u s ly  p a c k a g e d  u n t i l  
c le a v a g e  a t  th e  n e x t  s im ila rly  o r ie n ta te d  a s e q u e n c e  o c c u rs .  T h is  
s e c o n d  c le a v a g e  e v e n t  co m p le te s  on e  r o u n d  of p a c k a g in g  a n d  in i t ia te s  
a n o th e r .
C o n s e rv e d  m o tifs  w ith in  th e  a s e q u e n c e  a r e  p ro b a b ly  r e c o g n iz e d  
b y  a p u ta t iv e  t r a n s a c t i n g  c le a v a g e /p a c k a g in g  com plex. P r o te in s  from
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H S V -in fe c te d  c e lls  h a v e  b e e n  sh o w n  to  b in d  to  th e  c o n s e rv e d  s e q u e n c e  
p a c -2  w h en  l in k e d  to  DRi (C hou a n d  R oizm an, 1989). B oth  c o m p o n en ts  
a r e  r e q u i r e d  fo r  fo rm a tio n  of th e  s e q u e n c e - s p e c if ic  pro tein -D N A  
com plex. P r o te in  d o e s  n o t  b in d  to  p a c -2  o r  DRi a lo n e , o r  w h en  p a c -1  
is  s u b s t i t u t e d  f o r  p a c -2  l in k e d  to  DRi. P u r if ic a t io n  of th e  p ro te in s  
w h ic h  fo rm  th i s  com plex r e v e a le d  t h r e e  m a jo r  p o ly p e p tid e  sp e c ie s  
w h ich  in c lu d e d  th e  DNase e n c o d e d  b y  UL12. T he p r o d u c t  of UL36, VP1, 
m ay a lso  fo rm  p a r t  of th is  com plex (L e m a s te r  a n d  Roizm an, 1980) as  
w ell a s  a n o th e r  p r o te in  o f Mr 140 000. C e llu la r  D N A -bind ing  p ro te in s  
m ay a lso  b e  in v o lv e d  in  d i r e c t in g  th e  a c t iv i ty  of th e  com plex to  i ts  
r e q u i r e d  s i te .  A h o s t  p r o te in  h a s  b e e n  o b s e rv e d  to  b in d  s p e c if ic  
s e q u e n c e s  a t  th e  g enom e te rm in i  o f HCMV w h ich  a r e  hom ologous to  th e  
HSV-1 a s e q u e n c e  (K em ble a n d  M o carsk i, 1989).
A n a ly s is  o f t s  m u ta n ts  d e fe c t iv e  in  c le a v a g e  a n d  p a c k a g in g  of 
p r o g e n y  v i r a l  g en o m e s  h a s  s u g g e s te d  p o s s ib le  ro le s  f o r  th e  p r o d u c ts  
o f HSV-1 g e n e s  UL26 a n d  UL33 in  th e s e  p r o c e s s e s .  M u ta n t ts l2 0 1  fa ils  
to  p r o c e s s  th e  UL26 g e n e  p r o d u c t ,  p40 , w h ich  a s  a r e s u l t ,  re m a in s  
a s s o c ia te d  w ith  e m p ty  c a p s id s  w h ich  a c c u m u la te  in  th e  n u c le u s  
( P r e s to n  e t  al., 1984; M cGeoch e t  al., 1988b). A n o th e r  m u ta n t, ts l2 3 3 , 
w h ic h  h a s  a  le s io n  in  UL33, a s se m b le s  p a r t ia l ly  c o re d  c a p s id s  a n d  a lso  
fa i ls  to  p r o c e s s  p40 (A l-K obaisi, 1989).
A lth o u g h  v i r a l  o r  h e te ro lo g o u s  DNA, o f v a r io u s  l e n g th s  a n d  
c o n ta in in g  a n  a s e q u e n c e  m ay b e  p a c k a g e d  in to  a  c a p s id , o n ly  th o s e  
c a p s id s  c o n ta in in g  a p p ro x im a te ly  genom e le n g th s  o f DNA a c q u ir e  a n  
e n v e lo p e  a n d  le a v e  th e  n u c le u s  (V lazny  e t  al., 1982). T h is  s u g g e s t s  
t h a t  s t r u c t u r a l  a l t e r a t io n s  to  th e  c a p s id  o c c u r  fo llo w in g  e n c a p s id a t io n  
o f a  fu ll  le n g th  genom e. C a p s id s  becom e e n v e lo p e d  b y  b u d d in g  
th r o u g h  th e  in n e r  lam ella  o f th e  n u c le a r  m em b ran e  w h ich  is  r i c h  in  
v i r a l ly  e n c o d e d  g ly c o p ro te in s  (Roizm an a n d  F u r lo n g , 1974). 
E n v e lo p m e n t is  fo llow ed  b y  t r a n s p o r t a t i o n ,  v ia  th e  g o lg i a p p a r a tu s ,  to  
th e  c y to p la sm ic  m em b ran e  w h e re  m a tu re  v ir io n s  a r e  s u b s e q u e n t ly  
r e l e a s e d  from  th e  ce ll.
1C. C IS -  AND TRANS-ACTING  ELEMENTS REQUIRED FOR REPLICATION OF 
HSV DNA
1. C is  E le m e n ts
R e g io n s  o f th e  HSV genom e c o r r e s p o n d in g  to  p u ta t iv e  o r ig in s  of 
r e p l ic a t io n  w e re  f i r s t  o b s e rv e d  b y  e le c tro n  m ic ro sc o p y  o f r e p l ic a t in g  
HSV DNA (F rie d m a n n  e t  al., 1977). DNA re p l ic a t io n  f o r k s  a n d  lo o p s  w e re
19
a p p a r e n t  a t  t h r e e  p o s it io n s  in  th e  genom e s u g g e s t in g  t h a t  th r e e  
d i s t i n c t  o r ig in s  of r e p l ic a t io n  w e re  p r e s e n t .  T he e x is te n c e  a n d  n a tu r e  
of c is -  a c t in g  o r ig in s  of r e p l ic a t io n  w as c o n firm ed  b y  a n a ly s is  of 
d e fe c t iv e  g en o m es a r i s in g  d u r in g  s e r ia l  p a s s a g e  of HSV a t  h ig h  moi. 
M a in te n an c e  of th e s e  d e fe c t iv e  g en o m es in  v i r u s  s to c k s  s u g g e s te d  th a t  
th e y  c o n ta in e d  c is - a c t in g  s ig n a ls  r e q u i r e d  fo r  in it ia t io n  of s y n th e s i s  
a n d  fo r  c le a v a g e  a n d  p a c k a g in g  of DNA (F re n k e l  e t  al., 1975). A n a ly s is  
of th e s e  g en o m es b y  r e s t r i c t i o n  en zy m e d ig e s t io n  r e v e a le d  th em  to  
c o n s is t  of ta n d e m  r e p e a t s  of HSV DNA s e q u e n c e s .  On th e  b a s is  of 
th e s e  s e q u e n c e s  d e fe c t iv e  g en o m es c o u ld  b e  d iv id e d  in to  tw o g ro u p s ,  
c la s s e s  I  a n d  I I . M em bers o f b o th  g r o u p s  c o n ta in e d  c o p ie s  of th e  a 
s e q u e n c e . C lass  I  m o lecu le s  a d d it io n a l ly  c o n ta in e d  s e q u e n c e s  from  th e  
s h o r t  r e g io n  (D e n n is to n  e t  al., 1981; F re n k e l  e t  al., 1976; 1980; 1981; 
V lazny  a n d  F re n k e l ,  1981) w h ils t  s e q u e n c e s  from  th e  m idd le  of th e  
lo n g  u n iq u e  r e g io n  w e re  p r e s e n t  in  c la s s  I I  g en o m es ( S c h ro d e r  e t  al., 
1975; K a e rn e r  e t  al., 1979; 1981; F r e n k e l  e t  al., 1980; V lazny  e t  al., 
1982, L o c k e r  e t  al., 1982; S p a e te  a n d  F re n k e l ,  1982). T h e se  
o b s e r v a t io n s  s u g g e s te d  th e  p r e s e n c e  of o r ig in s  of r e p l ic a t io n  w ith in  
b o th  th e  L a n d  S s e g m e n ts  of th e  HSV-1 genom e (V lazny  a n d  F re n k e l ,
1981). T h e se  w e re  s u b s e q u e n t ly  te rm e d  orih a n d  oris.
(a )  Oris
F ra g m e n ts  c o n ta in in g  th e  S r e g io n  s e q u e n c e s  p r e s e n t  in  c la s s  I 
d e fe c t iv e  g en o m e s  w e re  c lo n e d  from  th e  w ild - ty p e  HSV-1 genom e a n d  
a n a ly s e d  b y  S tow  (1982). A t r a n s i e n t  r e p l ic a t io n  a s s a y  w as d e v e lo p e d  
in  w h ic h  p la sm id s  c o n ta in in g  f ra g m e n ts  to  b e  t e s t e d  f o r  c is - a c t in g  
o r ig in  fu n c t io n  w e re  t r a n s f e c te d  in to  t i s s u e  c u l tu r e  c e lls  a n d  h e lp e r  
f u n c t io n s  s u p p l ie d  in  tra n s ,  e i t h e r  b y  s u p e r - in f e c t in g  w ith  w t  HSV-1 
o r  b y  c o - t r a n s f e c t io n  w ith  w t  HSV-1 DNA. O nly p la sm id s  c o n ta in in g  
fu n c t io n a l  HSV o r ig in  s e q u e n c e s  a llow ed  a m p lif ic a tio n  o f th e  l in k e d  
p la sm id  v e c to r  s e q u e n c e s .  T h is  s y s te m  lo c a te d  a n  o r ig in  of r e p l ic a t io n  
w ith in  a 995bp  f ra g m e n t  m ap p in g  e n t i r e ly  w ith in  Rs. F u r th e r  
s y s te m a t ic  a n a ly s is  o f th i s  995bp  f ra g m e n t  (S tow  a n d  M cM onagle, 1983) 
d e f in e d  a  9 0bp  r e g io n  in  Rs w h ich  c o n ta in e d  a ll n e c e s s a r y  c is - a c t in g  
s e q u e n c e s  f o r  th e  in it ia t io n  of DNA s y n th e s i s  (F ig u r e  4). T he  p r o d u c ts  
of p la sm id  r e p l ic a t io n  in  th e s e  a n a ly s e s  w e re  sh o w n  to  b e  h ig h  
m o le c u la r  w e ig h t m o lecu les  of DNA c o n s is t in g  o f ta n d e m  c o p ie s  of th e  
co m p le te  p la sm id , w h ich  s u g g e s te d  a  r o l l in g - c ir c le  m echan ism  of 
r e p l ic a t io n .  T h is  o r ig in  of r e p l ic a t io n  w as te rm e d  oris a n d , s in c e  i t  lie s  




















































































F ig u re  4 . HSV-1 O rig in s  o f  R e p lic a t io n
The u p p e r p a r t  o f  th e  f ig u r e  shows th e  HSV-1 genome w ith  p o s i t i o n s  
o f  th e  HSV-1 o r ig i n s  o f  r e p l i c a t i o n  in d ic a te d .  The low er p a r t  o f th e
f ig u r e  shows a l ig n e d  se q u en c e s  o f  o riL  and o r is -  V e r t i c a l  l in e s
r e p r e s e n t  c o n se rv e d  b a s e s .  Arrow ed, d ash ed  l i n e s  above th e  o r i i  
seq u en ce  i n d i c a t e  th e  l i m i t s  o f  th e  144bp p a lin d ro m e  and a rrow ed , 
d o t te d  l i n e s  below  th e  o r is  seq u en ce  in d ic a te d  th e  l i m i t s  o f  th e
m inim al o r is  a s  d e f in e d  by Stow and HcM onagle, 1983. The l i m i t s  o f  th e
o r is  p a lin d ro m e  a r e  i n d ic a te d  by th e  c lo s e d  c i r c l e s .  The c o n se rv e d  
l l b p  m o ti f  i s  i n d ic a te d  by th e  h o r iz o n ta l  l i n e s  above th e  onY  
se q u en ce  and  below  th e  o r i  s se q u en c e .
1982; Stow  a n d  M cM onagle, 1983). O ris lie s  in  an  in te r g e n ic  r e g io n  
b e tw e e n  tw o d iv e r g e n t ly  t r a n s c r i b e d  im m e d ia te -e a r ly  g e n e s  (IE3 a n d  
U S 1/U S 12) a n d  is  s u r r o u n d e d  b y  th e  p ro m o te rs  a n d  u p s tre a m  
r e g u la to r y  s e q u e n c e s  o f th e s e  g e n e s .  Oris h a s  b e e n  r e p o r t e d  to  be  
c o n ta in e d  w ith in  a t r a n s c r i b e d  o p e n  r e a d in g  fram e  (H u b e n th a l-V o ss  e t  
al., 1987; H u b e n th a l-V o s s  a n d  Roizm an, 1988). T he ro le  of th is  
t r a n s c r i p t  in  DNA r e p l ic a t io n , if  a n y , re m a in s  to  be  d e te rm in e d . 
C e llu la r  p r o te in s  a p p e a r  to  b in d  th e  t r a n s c r i p t  a t  i t s  in i t ia t io n  s ite  
(R o lle r  e t  al., 1989). A p r o te in  t r a n s la t e d  from  th is  t r a n s c r i p t ,  
h o w e v e r , h a s  n o t  b e e n  d e te c te d  a n d  in d e e d  th e  p r o te in -c o d in g  
c a p a c i ty  o f t h i s  t r a n s c r i p t  re m a in s  d i s p u te d  (M cGeoch e t  al., 1988b).
A p ro m in e n t  f e a tu r e  o f th e  m inim al oris s e q u e n c e  is  a n  a lm ost 
p e r f e c t  4 5 b p  p a lin d ro m e  c o n ta in in g  18 c o n s e c u t iv e  A a n d  T r e s id u e s  a t  
i t s  c e n t r e  (S tow  a n d  M cM onagle, 1983). B o th  a rm s  o f th e  p a lin d ro m e  
a n d  th e  c e n t r a l  A -T r ic h  r e g io n  a r e  e s s e n t ia l  f o r  oris fu n c t io n  in  b o th  
HSV-1 a n d  HSV-2 (S tow , 1982; S tow  a n d  M cM onagle, 1983; L o c k sh o n  a n d  
G allow ay, 1988). I n  c o n t r a s t  to  th e s e  r e s u l t s  Deb a n d  D o e lb e rg  (1988) 
r e p o r t e d  t h a t  on e  a rm  o f th e  p a lin d ro m e  w as d is p e n s a b le  fo r  
r e p l ic a t io n  a l th o u g h  s u b s e q u e n t  s tu d ie s  on  th e  ro le  of p r o te in  b in d in g  
s i t e s  w ith in  th e  o r ig in  r e g io n  ( se e  S e c tio n  1C.3 (c)) s u g g e s t  t h a t  th is  is  
u n l ik e ly .
HSV-2, s t r a in  HG52 c o n ta in s  f o u r  c o p ie s  of oris, s in c e  w ith in  b o th  
IRs a n d  TRs a  s e q u e n c e  o f 137bp c o n ta in in g  th e  o r ig in  is  ta n d e m ly  
d u p l ic a te d  (W hitton  a n d  C lem en ts, 1984b). A n a ly s is  o f HSV-2 ( s t r a in  
333) oris h a s  d e f in e d  a  m inim um  f u n c t io n a l  c o re  r e g io n  o f 75bp  w ith in  
w h ic h  l ie s  a  56bp  p a lin d ro m e  c o n ta in in g  a  c e n t r a l  A -T r ic h  t r a c t .  T he 
DNA s e q u e n c e  o f HSV-2 oris is  v e r y  s im ila r  to  t h a t  o f HSV-1 oris w ith  
73 o f th e  75 r e s id u e s  id e n t ic a l  w ith in  t h i s  c o re  r e g io n  (L o c k sh o n  a n d  
G allow ay, 1988).
VZV oris a lso  e x h ib i ts  DNA s e q u e n c e  hom ology  to  oris o f HSV-1. I t  
c o n ta in s  a  p a lin d ro m ic  r e g io n  w ith  a  c e n t r a l  A T -r ic h  t r a c t  a n d  can  
in i t ia te  a m p lif ic a tio n  o f l in k e d  p lasm id  s e q u e n c e s  in  r e s p o n s e  to  HSV-1 
r e p l ic a t io n  f a c to r s  s u p p l ie d  in  t r a n s  (S tow  a n d  D av ison , 1986).
(b )  OriL
S e q u e n c e s  from  th e  c e n t r e  o f UL w h ich  a r e  p r e s e n t  in  c la s s  I I  
d e fe c t iv e  g en o m e s  a n d  a r e  t h o u g h t  to  c o n ta in  a  fu n c t io n a l  o r ig in  h a v e  
a lso  b e e n  a n a ly s e d . H ow ever, th e s e  s tu d ie s  w e re  in it ia l ly  h in d e r e d  b y  
th e  te n d e n c y  o f th is  r e g io n  of th e  HSV-1 genom e to  s u f f e r  d e le tio n  
w h e n  c lo n e d  in  b a c te r i a  (S p a te  a n d  F r e n k e l ,  1982; W eller e t  al., 1985).
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C loned  m onom eric  u n i t s  of c la s s  I I  d e fe c tiv e  genom es w h ich  h a d  
s u f f e r e d  th i s  d e le t io n  w e re  a b le  to  r e p l ic a te  if  p a s s a g e d  in  th e  
p r e s e n c e  of h e lp e r  v i r u s .  I t  w as fo u n d  t h a t  u n d e r  th e s e  c o n d itio n s  
th e  d e le t io n  h a d  in v a r ia b ly  b e e n  r e p a i r e d ,  p re s u m a b ly  b y  
re c o m b in a tio n  w ith  th e  h e lp e r  v i r u s .  T h is  s u g g e s te d  t h a t  s e q u e n c e s  
e s s e n t ia l  f o r  o r ig in  a c t iv i ty  w e re  lo c a te d  w ith in  th e  d e le tio n  p ro n e  
r e g io n  o f a p p ro x im a te ly  lOObp (S p a te  a n d  F re n k e l ,  1982). T h is  se c o n d  
HSV o r ig in  o f r e p l ic a t io n  ( o r 4 )  w as f i r s t  s e q u e n c e d  u s in g  d e fe c tiv e  
g en o m e s  from  HSV s t r a in  A n g e lo tti  (G ray  a n d  K a e rn e r , 1984). A 296bp 
r e g io n  p ro n e  to  d e le t io n  u p o n  c lo n in g  w as id e n t if ie d .  T h is  re g io n  
w h ich  c o n ta in e d , in  ta n d e m , tw o lo n g  p a lin d ro m ic  s e q u e n c e s  w as fo u n d  
n o t  to  b e  th e  s im p le s t  fo rm  o f o r i ,. O rjl w as s u b s e q u e n t ly  s e q u e n c e d  
u s in g  v ir io n  DNA of tw o  s t r a in s  o f HSV-1, KOS a n d  17 (W eller e t  al., 
1985; Q u inn  a n d  M cGeoch, 1985). F in a lly  oriL w as s u c c e s s fu l ly  c lo n ed  
in  a n  u n d e le te d  fo rm  w ith in  a  425bp  f ra g m e n t  in to  y e a s t  w h ich  
f a c i l i ta te d  d e ta i le d  fu n c t io n a l  a n a ly s is  (W eller e t  al., 1985). T h is  c lo n e d  
orih w as sh o w n  to  b e  f u n c t io n a l  in  a  p lasm id  a m p lif ic a tio n  a s s a y  w hen  
HSV-1 h e lp e r  f u n c t io n s  w e re  s u p p lie d  in  t r a n s  ( U/eLLtr - e t  a lJ S & S X
DNA s e q u e n c e  a n a ly s is  of th e  oriL r e g io n  of s t r a in s  KOS a n d  17 
r e v e a le d  a  p e r f e c t  144bp  p a lin d ro m e  e x h ib i t in g  s t r i k in g  hom ology  (85$) 
to  o r k  s u c h  t h a t  th e  oris p a lin d ro m e  e n t i r e ly  a l ig n e d  w ith  th e  c e n tr a l  
r e g io n  o f o r i .  S e q u e n c e  hom ology  e x te n d s  b e y o n d  th e  oris 
p a lin d ro m e , a p p ro x im a te ly  4 0 b p  to  o n e  s id e  ( F ig u re  4; Q u inn  a n d  
M cGeoch, 1985; W eller e t  al., 1985). W ithin  th e s e  r e g io n s  o f hom ology 
oris a n d  or&  e x h ib i t  85$  s e q u e n c e  id e n t i ty .  HSV-2 o r i  h a s  a lso  b e e n  
c lo n e d  a n d  s e q u e n c e d . I t  c o n ta in s  a  136bp  a lm o st p e r f e c t  p a lin d ro m e  
a n d  e x h ib i ts  88$ hom ology  w ith  HSV-1 o r iL (L o c k sh o n  a n d  G allow ay,
1986). T he  oriL r e g io n  o f s t r a in  A n g e lo tti  ( d e s c r ib e d  a b o v e )  c o n ta in s  
tw o  ta n d e m  c o p ie s  o f t h i s  p a lin d ro m e .
OriL, l ik e  oris, is  lo c a te d  b e tw e e n  tw o  d iv e r g e n t ly  t r a n s c r i b e d  
g e n e s .  T h e se  a r e  UL29 a n d  UL30, e n c o d in g  m a jo r  s in g l e - s t r a n d e d  DNA 
b in d in g  p r o te in  (mDBP) a n d  v i r a l  DNA p o ly m e ra se  r e s p e c t iv e ly ,  b o th  of 
w h ich  h a v e  e s s e n t ia l  f u n c t io n s  in  th e  r e p l ic a t io n  of HSV DNA. I t  is  n o t  
k n o w n  w h e th e r  t h i s  a r r a n g e m e n t  o f g e n e s  is  o f s p e c ia l  s ig n if ic a n c e  fo r  
o r ig in  fu n c t io n .
An l l b p  s e q u e n c e  p r e s e n t  a t  on e  e n d  o f th e  HSV-1 oris 
p a lin d ro m e  is  c o m p le te ly  c o n s e r v e d  in  HSV-2 a n d  VZV oris, a n d  a lso  
o c c u r s  o n c e  in  e a c h  a rm  of oriL in  HSV-1 a n d  HSV-2 (F ig u r e  4; W eller
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et 3.1., 1985; Stow  a n d  D av ison , 1986). A c lo se ly  r e la te d  s e q u e n c e  is 
p r e s e n t  a t  th e  o th e r  e n d  of th e  ork p a lin d ro m e  in  HSV-1 a n d  HSV-2. 
T h e se  s e q u e n c e s  c o in c id e  w ith  r e g io n s  w ith in  HSV-1 ork show n  to  be  
p r o te c te d  from  DNase I  d ig e s t io n  b y  a n  HSV e n c o d e d  o r ig in -b in d in g  
p r o te in  (E lias  et al., 1986; E lias  a n d  L ehm an , 1988). T h is  o r ig in -b in d in g  
p r o te in  h a s  s in c e  b e e n  id e n t if ie d  a s  th e  p r o d u c t  of th e  HSV-1 g e n e  
UL9 (O livo et al., 1988; W eir et al., 1989).
T he  s ig n if ic a n c e  o f th e  HSV-1 genom e p o s s e s s in g  t h r e e  o r ig in s  of 
r e p l ic a t io n  is  u n c le a r .  Ork a n d  ork a p p e a r  to  b e  fu n c t io n a l ly
e q u iv a le n t .  M u ta n ts  la c k in g  ork a r e  v ia b le  in  t i s s u e  c u l tu r e  in d ic a t in g  
t h a t  ork is  d is p e n s a b le  fo r  v i r a l  DNA re p l ic a t io n  (P o lv in o -B o d n a r  et 
al., 1987) a n d  in d e e d  th e  a lp h a h e r p e s v i r u s  VZV d o e s  n o t  p o s s e s  an
ork, o n ly  tw o  c o p ie s  o f ork (D av ison  a n d  S c o tt, 1986; Stow  a n d
D av iso n , 1986). M u ta n ts  la c k in g  on e  co p y  of ork a re  a lso  v ia b le  
a l th o u g h  m u ta n ts  la c k in g  b o th  c o p ie s  of ork h a v e  n o t  b e e n  iso la te d  
( L o n g n e c k e r  a n d  R oizm an, 1986; S m ith  et al., 1989). T h e se  o b s e rv a t io n s  
im p ly  t h a t  v i r a l  DNA r e p l ic a t io n  in  t i s s u e  c u l tu r e  r e q u i r e s  a t  le a s t  one 
c o p y  of ork o r  a l t e r n a t iv e ly ,  a t  le a s t  tw o o r ig in  s e q u e n c e s .
R e g io n s  f la n k in g  o r k  a p p e a r  to  e f f e c t  a  m o d es t s tim u la tio n  of DNA 
r e p l ic a t io n  in  p la sm id  a m p lif ic a tio n  a s s a y s  (S tow , 1982; Stow  a n d
M cM onagle, 1983; L o c k sh o n  a n d  G allow ay, 1988). A r e c e n t  a n a ly s is  
(W ong a n d  S c h a f f e r ,  1991) h a s  d e m o n s t ra te d  a n  8 0 -fo ld  r e d u c t io n  in  
o r ig in  fu n c t io n  fo llo w in g  d e le t io n  of s e q u e n c e s  f la n k in g  o r k ,  a l th o u g h  
i t  is  n o t  c le a r  w h y  th e  m a g n itu d e  o f th i s  e f f e c t  w as m uch  g r e a t e r  
t h a n  t h a t  o b s e r v e d  b y  o th e r  w o r k e rs .  T h e se  s e q u e n c e s  in c lu d e  th e  
t r a n s c r ip t i o n a l  r e g u la to r y  e le m e n ts  o f g e n e s  IE3 a n d  IE 4 /5 . C om petition  
e x p e r im e n ts  r e v e a le d  t h a t  f a c to r s  b in d in g  th e s e  r e g u la to r y  e le m e n ts  
a r e  l ik e ly  to  b e  in v o lv e d  in  a n  a u x il ia ry  c a p a c i ty  in  o r k  fu n c t io n  
(W ong a n d  S c h a f f e r ,  1991). T h e re fo re ,  in  common w ith  o th e r  e u k a ry o t ic  
o r ig in s  o f DNA r e p l ic a t io n  (e .g . SV40, a d e n o v ir u s )  HSV-1 o r k  a p p e a r s  
to  c o n ta in  tw o  p r im a ry  f u n c t io n a l  c o m p o n e n ts . T h e se  a r e  a  c o re  r e g io n  
a n d  a n  a u x il ia ry  c o m p o n e n t, com posed  o f a n  e n h a n c e r  o r  p ro m o te r  
e le m e n t w h ich  f u n c t io n s  in  t r a n s c r ip t i o n  a s  w ell a s  DNA re p l ic a t io n  
(D eP am p h ilis , 1988). E ff ic ie n c y  o f in it ia t io n  o f DNA s y n th e s i s  m ay b e  
in c r e a s e d  b y  t r a n s c r i p t i o n  f a c to r s  w h ic h  r e c o g n is e  a n d  b in d  th e  
a u x il ia ry  c o m p o n e n t o f o r k  o r ,  a s  o b s e rv e d  f o r  E. co li oriC  (B a k e r  a n d  
K o rn b e rg ,  1988), t r a n s c r ip t i o n  n e a r  o r k  m ay a d d it io n a l ly  f a c i l i ta te  
m e ltin g  o f th e  d u p le x .
A lth o u g h  HSV o r ig in s  h a v e  b e e n  d e f in e d  in  t r a n s i e n t  a s s a y s  t h e r e  
is  no  d i r e c t  e v id e n c e  o f in it ia t io n  of DNA s y n th e s i s  a t  th e s e  s i te s .
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H ow ever, b y  a n a lo g y  w ith  o th e r  s y s te m s  i t  seem s v e r y  lik e ly  to  be  th e  
c a se .
2. T ran s-A ctin g  F u n ctio n s
I n i t ia l  a t te m p ts  to  id e n t if y  v i r a l ly  e n c o d e d  t r a n s - a c t in g  p ro te in s  
r e q u i r e d  fo r  DNA s y n th e s i s  in v o lv e d  th e  a n a ly s is  of c a n d id a te  
e n z y m a tic  a c t iv i t ie s  in d u c e d  in  H S V -in fe c te d  ce lls . T he f i r s t  v ira l ly  
e n c o d e d  a c t iv i t ie s  id e n t if ie d  in  t h i s  w ay w e re  th e  v i r a l  DNA p o ly m e ra se  
(K eir a n d  Gold, 1963; Hay e t  al., 1971), th y m id in e  k in a s e  (K it a n d  
D u b b s , 1963) a n d  a lk a lin e  e x o n u c le a se  (M o rriso n  a n d  K eir, 1968, Hay e t  
al., 1971). M any o th e r s  fo llow ed , in c lu d in g  th e  m a jo r  s in g le - s t r a n d e d  
D N A -b ind ing  p r o te in  (B a y lis s  e t  al., 1975; P u r ifo y  a n d  Pow ell, 1976), 
o r ig in - b in d in g  p r o te in  (E lia s  e t  al., 1986), r ib o n u c le o t id e  r e d u c ta s e  
(C o h en , 1972), u r a c i l  D N A -g ly co sy lase  (C a ra d o n n a  a n d  C h en g , 1981), 
d U T P ase  (W ohlrab  a n d  F r a n c k e , 1980), p r o te in  k in a s e  (B lue a n d  
S to b b s , 1981; P u r v e s  e t  al., 1987) a n d  m o st r e c e n t ly ,  DNA h e lic a se  a n d  
DNA p r im a se  a c t iv i t ie s  (C ru te  e t  al., 1988; 1989). As will be  d e s c r ib e d  
l a t e r ,  n o t  a ll o f th e s e  a c t iv i t ie s  t u r n e d  o u t  to  b e  r e q u i r e d  fo r  v i r a l  
DNA re p l ic a t io n  in  t i s s u e  c u l tu r e .
(a ) Id e n tif ic a t io n  o f G enes E n cod in g  T ran s-A ctin g  F u n ctio n s
I d e n t i f ic a t io n  o f g e n e s  s p e c i f y in g  t r a n s a c t i n g  f u n c t io n s  e s s e n t ia l  
f o r  th e  r e p l ic a t io n  of v i r a l  DNA w as in it ia l ly  a p p ro a c h e d  u s in g  
c o n d it io n a l - le th a l  m u ta n ts  of HSV d e fe c t iv e  in  DNA s y n th e s i s  (S c h a f f e r  
e t  a l.,1987). A p p ro x im a te ly  t e n  co m p le m e n ta tio n  g r o u p s  o f t s  m u ta n ts  
h a v e  b e e n  is o la te d  w h ich  a r e  D N A -negative  (DNA- ) a t  th e  NPT.
A c o m p le m e n ta ry  g e n e t ic  a p p ro a c h  h a s  b e e n  th e  u s e  o f a  t r a n s i e n t  
r e p l ic a t io n  a s s a y  in  w h ich  f ra g m e n ts  of HSV DNA a r e  t e s t e d  f o r  t h e i r  
a b i l i ty  to  s u p p o r t  th e  a m p lif ic a tio n  o f a n  HSV o r ig in -c o n ta in in g  p lasm id  
w h e n  c o - t r a n s f e c t e d  in to  c e lls  in  t i s s u e  c u l tu r e  (C h a llb e rg , 1986). By 
s y s te m a t ic  s u b c lo n in g , d e le t io n  a n d  en zy m e c le a v a g e  of th e  t r a n s f e c te d  
f r a g m e n ts  e s s e n t ia l  r e g io n s  of th e  genom e w e re  d e f in e d . R e la tin g  th e s e  
to  th e  genom ic  DNA s e q u e n c e  id e n t i f ie d  s e v e n  HSV-1 o p e n  r e a d in g  
f ra m e s , ie . UL5, UL8, UL9, UL29, UL30, UL42 a n d  UL52, a s  n e c e s s a r y  
a n d  s u f f ic ie n t  f o r  o r ig in - d e p e n d e n t  DNA s y n th e s i s  (T a b le  1; Wu e t  al., 
1988; M cGeoch e t  al., 1988a). In  a d d it io n , t h e r e  w as a r e q u i r e m e n t  fo r  
im m ed ia te  e a r ly  g e n e s  to  s tim u la te  th e  e x p re s s io n  o f th e s e  s e v e n  ORFs. 
T h is  r e q u i r e m e n t  c o u ld  b e  m et b y  v a r io u s  c o m b in a tio n s  o f IE  p r o te in s  
V m w llO , Vm wl75 a n d  Vmw63, n o n e  o f w h ich  w as o b lig a to r i ly  r e q u i r e d ,  
s u g g e s t in g  t h a t  t h e i r  in v o lv e m e n t w as in d ir e c t .
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HSV-1 gene  (1 )  P r e d ic te d  Homologous Homologous Homologous
P r o t e i n  Hr  VZV gene (2 )  EBV gene (3 )  HCHV gene (4 )
UL5 9 8 ,710 55 BBLF4 UL105
UL8 79 ,921 52 9 9
UL9 9 4 ,2 4 6 51 9 9
UL29 128,341 29 BALF2 UL57
UL30 136 ,272 28 BALF5 UL54
UL42 51 ,156 16 9 9
UL52 114 ,416 6 BSLF1 UL70
T a b le  1 . HSV-1 G enes R e q u ire d  f o r  DNA R e p l ic a t io n
(a d a p te d  from  McGeoch, 1987)
(1 ) The se v en  HSV-1 g en es  w ere i d e n t i f i e d  a s  e s s e n t i a l  f o r  DNA 
s y n th e s i s  in  t r a n s i e n t  t r a n s f e c t i o n  a s s a y s  (C h a llb e rg , 1986; Wu e t  
a l . ,  1 9 8 8 ).
( 2 ) ,  (3 ) and  (4 ) show hom ologous g en es  in  VZV, EBV and HCMV 
r e s p e c t i v e l y ,  i d e n t i f i e d  by seq u en ce  co m p ariso n s (McGeoch e t  a l . ,  
1988b; Chee e t  a l . ,  1990)
' ? '  i n d i c a t e s  a  la c k  o f  any re a d in g  fram e e x h ib i t i n g  s i g n i f i c a n t  
se q u en ce  hom ology.
D eta iled  m ap p in g  of t s  m u ta n ts  w ith  DNA~ p h e n o ty p e s  h a s  
id e n t i f ie d  m u ta tio n s  w h ich  o c c u r  w ith in  e a c h  of th e  s e v e n  g e n e s  
id e n t if ie d  a s  e s s e n t ia l  f o r  DNA re p l ic a t io n  in  th e  t r a n s i e n t  a s s a y  (Dixon 
a n d  S c h a f f e r ,  1980; P u r ifo y  e t  a l., 1977; P u r ifo y  a n d  Pow ell, 1981; 
C h a r t r a n d  e t  al., 1980; Coen e t  al., 1984; C onley e t  al., 1981; W eller e t  
al., 1983b; 1987; L i t t le r  e t  al., 1983; Zhu a n d  W eller, 1988; M a rc h e tti  e t  
al., 1988). T e m p e r a tu r e - s e n s i t iv e  m u ta tio n s  w h ich  r e n d e r  th e  v i r u s  
d e fe c t iv e  f o r  DNA r e p l ic a t io n  a t  th e  NPT h a v e  b e e n  m ap p ed  to  o th e r  
g e n e s  s u g g e s t in g  t h a t  Vmwl75 a n d  th e  la r g e  s u b u n i t  of r ib o n u c le o t id e  
r e d u c t a s e  m ay in d i r e c t ly  p a r t ic ip a te  in  th e  s y n th e s i s  o f v i r a l  DNA 
( P re s to n ,  1979b; Dixon a n d  S c h a f f e r ,  1980).
T a r g e te d  n u ll  m u ta tio n s  h a v e  now  b e e n  is o la te d  f o r  m ost of th e  
s e v e n  e s s e n t ia l  DNA r e p l ic a t io n  g e n e s  w h ich  s h o u ld  a id  t h e i r  fu n c t io n a l  
c h a r a c te r iz a t io n .  T h e se  d e f ic ie n t  v i r u s e s  c a n  b e  p r o p a g a te d  on ce ll 
l in e s  e x p r e s s in g  th e  w t  g e n e  p r o d u c t  (G o ld s te in  a n d  W eller, 1988c; Zhu 
a n d  W eller, 1988; C a rm ich ae l a n d  W eller, 1989, J o h n s o n  e t  al., 1991).
T he  c o r r e la t io n  b e tw e e n  th e  g e n e s  id e n t if ie d  in  th e  t r a n s ie n t  
a s s a y  a n d  b y  a n a ly s is  o f t s  m u ta n ts  s u g g e s t s  t h a t  a ll HSV-1 g e n e s  
d i r e c t ly  in v o lv e d  in  th e  r e p l ic a t io n  of v i r a l  DNA in  t i s s u e  c u l tu r e  h a v e  
now  b e e n  id e n t if ie d .  I n  s u p p o r t  o f t h i s ,  th e  le v e l  o f p lasm id  
a m p lif ic a tio n  s u s ta in e d  b y  th e  s e v e n  e s s e n t ia l  o p e n  r e a d in g  f ra m e s  
a p p e a r e d  o n ly  m a rg in a lly  lo w e r t h a n  t h a t  s u s ta in e d  b y  f iv e  r e s t r i c t i o n  
f r a g m e n ts  c o m p ris in g  m o st o f th e  HSV-1 genom e. H ow ever, i t  is  
p ro b a b le  t h a t  c e r t a in  g e n e s  w h ic h  a p p e a r  n o t  to  a f f e c t  o r  h a v e  o n ly  a 
m in o r e f f e c t  on  v i r a l  DNA s y n th e s i s  in  t i s s u e  c u l tu r e  (e .g . th y m id in e  
k in a s e ,  r ib o n u c le o t id e  r e d u c ta s e )  m ay b e  e s s e n t ia l  f o r  DNA re p l ic a t io n  
in  v iv o  (F ie ld  a n d  W ildy, 1978; C am eron  e t  al., 1988; G o ld s te in  a n d  
W eller, 1988a; b ) .
Oris a n d  o r i  a p p e a r  fu n c t io n a l ly  e q u iv a le n t  in  p lasm id  
a m p lif ic a tio n  a s s a y s  a n d  no v i r a l  g e n e  p r o d u c ts  h a v e  b e e n  id e n t if ie d  
a s  b e in g  s p e c if ic  to  e i t h e r  o r ig in . H ow ever, a l th o u g h  th e  sam e p r o te in s  
m ay b e  in v o lv e d , m ech an ism s o p e r a t in g  a t  th e s e  o r ig in s  show  
d i f f e r e n c e s .
O pen  r e a d in g  f ra m e s  hom ologous to  e a c h  o f th e  s e v e n  HSV-1 DNA 
r e p l ic a t io n  g e n e s  h a v e  b e e n  id e n t if ie d  in  th e  genom e of th e  
a lp h a h e r p e s v i r u s  VZV. C lea r c o u n te r p a r t s  fo r  th e  g e n e s  UL5, UL29, 
UL30 a n d  UL52 o n ly , h a v e  b e e n  r e c o g n is e d  in  th e  g en o m es of 
b e t a h e r p e s v i r u s ,  HCMV a n d  g a m m a h e rp e s v iru s , EBV (T a b le  1; M cGeoch, 
1987; C hee e t  al., 1990).
25
3. T ra n s -A c tin g  F u n c t io n s  D ire c tly  In v o lv e d  in  HSV DNA R e p lic a tio n
T h re e  o f th e  s e v e n  HSV-1 g e n e s  id e n t if ie d  a s  e s s e n t ia l  fo r  
r e p l ic a t io n  e n c o d e  p r o d u c ts  w h ich  a r e  a b u n d a n t  in  HSV-1 in fe c te d  
c e lls  a n d  w h ich  w e re  f i r s t  r e c o g n iz e d  s e v e r a l  y e a r s  ago  a n d  h a v e  
b e e n  r e la t iv e ly  w ell c h a r a c te r i s e d .  T h e se  a r e  UL29 (d b p )  w hich  
e n c o d e s  th e  m a jo r  s in g l e - s t r a n d e d  D N A -bind ing  p ro te in  (mDBP) (C onley  
e t  al., 1981; Q u inn  a n d  M cGeoch, 1985), UL30 (po i) w h ich  e n c o d e s  th e  
v i r a l  DNA p o ly m e ra s e  (P O L )(C h a rtra n d  e t  al., 1979; Q uinn  a n d  McGeoch, 
1985; G ibbs e t  al., 1985), a n d  UL42 w h ich  e n c o d e s  a d o u b le - s t r a n d e d  
D N A -b ind ing  p r o te in ,  Mr62 000-65  000 fo u n d  to  a s s o c ia te  w ith  POL (Wu 
e t  al., 1988; M cGeoch e t  al., 1988a; P a r r i s  e t  al., 1988). T he p r o d u c ts  of 
th e  re m a in in g  f o u r  g e n e s  a r e  p r e s e n t  in  v e r y  low a b u n d a n c e  in  
in f e c te d  c e lls  a n d  h a v e  o n ly  r e c e n t ly  b e e n  id e n t if ie d  w ith  th e  a id  of 
e x p re s s io n  s y s te m s . T he p r o d u c t  o f th e  UL9 g e n e  h a s  r e c e n t ly  b e e n  
sh o w n  to  b e  a n  o r ig in - b in d in g  p r o te in  w h ich  r e c o g n is e s  s p e c if ic  
s e q u e n c e  e le m e n ts  w ith in  HSV o r ig in s  (O livo e t  al., 1988; W eir e t  al.,
1989). T he  UL5, UL8 a n d  UL52 g e n e  p r o d u c t s  h a v e  b e e n  r e p o r t e d  to  
fo rm  a com plex  in  in f e c te d  c e lls  w h ic h  e x h ib i ts  DNA d e p e n d e n t  A TPase, 
DNA d e p e n d e n t  G T Pase, DNA h e lic a s e  a n d  DNA p rim a se  a c t iv i t ie s  (C ru te  
e t  al., 1989) a n d  a r e  th e  s u b je c t  o f m uch  of th e  w o rk  d e s c r ib e d  in  
th i s  th e s i s .
(a )  DNA P o ly m e ra se  H oloenzym e (E n c o d e d  b y  G enes UL30 a n d  UL42)
A n o v e l a c t iv i ty  w ith  p r o p e r t ie s  d is t in g u is h a b le  from  th o s e  o f th e  
h o s t  DNA p o ly m e ra s e s  w as d e s c r ib e d  in  H S V -in fe c te d  c e lls  (K eir a n d  
Gold, 1963; K eir e t  al., 1966; Hay e t  al., 1971; W eissb ach  e t  al., 1973). 
T h is  n o v e l a c t iv i ty  w as sh o w n  to  b e  v i r a l ly  e n c o d e d  a n d  e s s e n t ia l  f o r  
th e  r e p l ic a t io n  o f v i r a l  DNA b y  a n a ly s is  o f t s  a n d  d r u g - r e s i s t a n t  
m u ta n ts  (D ixon a n d  S c h a f f e r ,  1980; P u r ifo y  e t  al., 1977; P u r ifo y  a n d  
P ow ell, 1981; C h a r t r a n d  e t  al., 1980; C oen e t  al., 1982; 1984; H ay a n d  
S u b a k - S h a r p e ,  1976; H o n ess  a n d  W atson, 1977; S c h a f f e r  e t  al., 1978; 
C ru m p a c k e r  e t  al., 1980; F u rm a n  e t  al., 1981; J o f r e  e t  al., 1977; K nipe 
e t  al., 1979).
HSV DNA p o ly m e ra se  (POL), th e  p r o d u c t  o f g e n e  UL30 (p o i) , h a s  
b e e n  p u r i f ie d  to  h o m o g e n e ity  a n d  th e  c a ta ly t ic  a c t iv i ty  sh o w n  to  
r e s id e  in  a  s in g le  p o ly p e p tid e  c h a in  Mr 140 000 (Pow ell a n d  P u r ifo y , 
1977; K nopf, 1979; O 'D onnell e t  al., 1987a). T h is  c lo se ly  c o r r e s p o n d s  to  
Mr  136 000 p r e d ic te d  from  DNA s e q u e n c e  a n a ly s e s  (G ib b s e t  al., 1985; 
Q u inn  a n d  M cGeoch, 1985). A c tiv e  HSV POL h a s  b e e n  t r a n s la t e d  in
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v i t r o  (D o rsk y  a n d  C ru m p a c k e r, 1988) a n d  a lso  e x p re s s e d  in  y e a s t  
(H affey  e t  al., 1988) a n d  in  a  r e c o m b in a n t  b a c u lo v iru s  (M arcy  e t  al., 
1990) c o n firm in g  t h a t  th e  enzy m e is  fu n c t io n a l  in  th e  a b s e n c e  of o th e r  
HSV p r o te in s .  HSV POL is  r e l a te d  to  o th e r  DNA p o ly m e ra se s  w h ich  a re  
m em b ers  of th e  m am m alian DNA p o ly m e ra se  a  fam ily  (G ibbs e t  al., 1985; 
1988; L a r d e r  e t  al., 1987). HSV POL p o s s e s s e s  a 3’-5 ' e x o n u c le a se  
p r o o f - r e a d in g  a c t iv i ty  (K nopf, 1979; M arcy  e t  al., 1990) a n d  a 5 '- 3 ’ 
e x o n u c le a se /R N a se  H a c t iv i ty  (C ru te  a n d  L ehm an, 1989, M arcy  e t  al.,
1990), a n a lo g o u s  to  t h a t  of E .co li DNA p o ly m e ra se  I w h ich  s p e c if ic a lly  
d e g r a d e s  RNA/DNA h e te r o d u p le x e s  o r  d u p le x  DNA in  a  5 '-3 ' d i re c tio n  
d u r in g  rem o v a l of RNA p r im e rs  o r  DNA r e p a i r  (K o rn b e rg , 1980).
A t s  m u ta n t  w ith  a  le s io n  in  th e  N -te rm in a l r e g io n  o f th e  p ro te in  
h a s  b e e n  sh o w n  to  e n c o d e  a DNA p o ly m e ra se  w h ich  is  th e rm o la b ile , 
b o th  in  v iv o  a n d  in  v i t r o  (A ron  e t  al., 1975; P u r ifo y  a n d  Pow ell, 1981). 
O th e r  t s  le s io n s  a n d  m u ta tio n s  to  d r u g - r e s i s t a n c e  w h ich  h a v e  b e e n  
f in e ly  m a p p e d  a n d  s e q u e n c e d  fa ll p re d o m in a n tly  w ith in  th e  c a rb o x y -  
te rm in a l  h a lf  of th e  po i g e n e  p r o d u c t .  T h is  r e g io n  e x h ib i ts  hom ology 
w ith  th e  am ino a c id  s e q u e n c e s  o f m any  p r o k a r y o t ic  a n d  e u k a ry o t ic  
DNA p o ly m e ra s e s  (G ib b s e t  al., 1985; 1988; L a r d e r  e t  al., 1987; Wong e t  
al., 1988) a n d  th e  m u ta tio n s  m ost f r e q u e n t ly  o c c u r  w ith in  a p ro p o s e d  
n u c le o t id e - b in d in g  s i te .
A n u m b e r  o f p h e n o ty p ic a l ly  d i s t i n c t  m u ta n ts  o f HSV-1 ( s t r a in  KOS) 
h a v e  b e e n  is o la te d  w h ich  e x h ib i t  a b n o rm a l d r u g  r e s i s ta n c e  o r  
s e n s i t iv i ty .  M u ta n t tsC4 e x h ib i ts  lim ited  r e s i s ta n c e  to  a c y c lo v ir  a n d  
h y p e r s e n s i t i v i t y  to  p h o s p h o n o a c e t ic  a c id  (PAA). T he t s  m u ta tio n  h a s  
b e e n  m a p p e d  b y  i n te r ty p i c  m a rk e r  r e s c u e  e x p e r im e n ts  (C h a tra n d  e t  
a l ,  1980). S u b s e q u e n t  m a p p in g  b y  r e s c u e  w ith  c lo n e d  r e s t r i c t i o n  
f r a g m e n ts  o f HSV-1 DNA r e v e a le d  d i s t i n c t  t s  a n d  PAA h y p e r s e n s i t iv i ty  
le s io n s  w ith in  th e  p o i  g e n e  (C oen e t  a l ,  1984). T e m p e ra tu re  s e n s i t iv i ty  
a n d  PAA r e s i s ta n c e  o f m u ta n t  tsD9 h a v e  b e e n  m ap p e d  to  a  s in g le  
r e g io n  w ith in  th e  p o i  lo c u s  d i s t i n c t  from  th o s e  m ap p ed  fo r  tsC 4. A 
t h i r d  d i s t i n c t  le s io n  in  po i (tsC 7) w as a lso  m ap p e d  ( C h a r t r a n d  e t  al., 
1980; C oen e t  al., 1984).
M u ta tio n s  in  p o i  w h ich  c o n fe r  a p h id ic o lin  r e s i s ta n c e  h a v e  b e e n  
i s o la te d  a n d  m a p p e d  to  tw o r e g io n s  n e a r  th e  3' e n d  o f HSV POL w h ich  
a r e  h ig h ly  c o n s e r v e d  in  DNA p o ly m e ra s e s  (Hall a n d  W oodw ard, 1989; 
Hall e t  al., 1989). T he  s i t e  to  w h ich  a p h id ic o lin  b in d s  o v e r la p s  th e  
n u c le o t id e - b in d in g  s i te  o f th e  en zy m e. T he  n u c le o t id e  b in d in g  s i te  of 
HSV POL is  lo c a te d  b e tw e e n  am ino a c id  r e s id u e s  597 a n d  961. T h is  
r e g io n  c o m p rise s  t h r e e  o f th e  m ost h ig h ly  c o n s e r v e d  d om ains  o f th e
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p r o te in ,  a t  le a s t  tw o of w h ich  a r e  d i r e c t ly  in v o lv e d  in  s u b s t r a t e  
b in d in g  (G ib b s e t  a i., 1985; 1988; K nopf, 1986; L a r d e r  e t  a l., 1986; 1987; 
T su ru m i e t  al., 1987).
PAA, w h ich  is  a n  a n a lo g u e  of p y r o p h o s p h a te ,  b in d s  to  a s ite  on 
HSV POL a lso  o v e r la p p in g  th e  n u c le o t id e - b in d in g  s i te  b u t  n o t  th e  
a p h id ic o l in -b in d in g  s i te .  T h e se  r e s u l t s  in d ic a te  t h a t  fu n c tio n a lly  
d i s t i n c t  d o m ain s  o f HSV POL e x is t  a n d  t h a t  t h e i r  o rg a n is a tio n  is
com plex (Hall e t  al., 1989). D ire c te d  m u ta tio n s  w ith in  po i h a v e  re v e a le d  
s e v e r a l  c o m p le m e n ta tio n  g r o u p s  a n d  c o n firm  th e  e x is te n c e  of s e p a ra b le  
d o m ain s  of th e  en zy m e  (M arcy  e t  al., 1990). C lose com m unication
b e tw e e n  fu n c t io n a l  d o m ain s  m ay o c c u r  s in c e  th e  3 '-5 ' e x o n u c le a se  
a c t iv i ty  a s s o c ia te d  w ith  HSV POL is  a s  s e n s i t iv e  to  PAA a s  is  DNA
p o ly m e ra s e  c a ta ly t ic  a c t iv i ty  (O 'D onnell e t  al., 1987a).
M ost D N A -d e p en d e n t DNA p o ly m e ra s e s  h a v e  b e e n  fo u n d  to  e x is t  in  
a  com plex  w ith  o n e  o r  m ore n o n -c o v a le n t ly  l in k e d  p r o te in s  w hose  
p r e s e n c e  is  n e c e s s a r y  f o r  o p tim al fu n c t io n . HSV-2 POL f r e q u e n t ly  
p u r i f ie s  w ith  a n o th e r  p o ly p e p t id e  o f Mr  50,000-60,000 (Pow ell a n d  
P u r ifo y , 1977; V a u g h a n  e t  al., 1985). I n  HSV-1, a n  e q u iv a le n t  p ro te in  
h a s  b e e n  id e n t i f ie d  a s  th e  p r o d u c t  o f g e n e  UL42. A n tis e ra  r a i s e d
a g a in s t  th e  UL42 p r o te in  c o - p r e c ip i ta t e d  UL42 p r o te in  a n d  HSV POL, 
in d ic a t in g  t h a t  th e  tw o  p r o te in s  fo rm  a  s ta b le  com plex (Gallo e t  al., 
1988; P a r r i s  e t  al., 1988). S e d im e n ta tio n  a n d  g e l f i l t r a t io n  a n a ly s e s  a re  
c o n s is t e n t  w ith  t h i s  com plex  e x is t in g  a s  a  h e te ro d im e r  o f DNA 
p o ly m e ra s e  ( c a ta ly t ic  s u b u n i t )  a n d  UL42 p r o te in  ( a c c e s s o r y  s u b u n i t )  
(G o ttlie b  e t  al., 1990). T he  com plex  h a s  b e e n  a s se m b le d  in  v i t r o  b y  
a s s o c ia tio n  o f p r o d u c t s  t r a n s la t e d  from  s y n th e t ic  mRNAs t r a n s c r ib e d  
fro m  c lo n e d  g e n e s  (Gallo e t  al., 1989; D ig a rd  a n d  C oen, 1990) a n d  in  
v iv o  in  in s e c t  c e lls  c o - in fe c te d  w ith  re c o m b in a n t  b a c u lo v i ru s e s  
in d iv id u a l ly  e x p r e s s in g  e a c h  g e n e  p r o d u c t  (G o ttlie b  e t  al., 1990). T h is  
in d ic a te s  t h a t  fo rm a tio n  o f th e  com plex d o e s  n o t  r e q u i r e  a d d it io n a l  HSV 
p r o te in s .
W hen s e p a r a te d  from  UL42 p r o te in  b y  p u r if ic a t io n  th r o u g h  a 
g ly c e r o l  g r a d i e n t ,  th e  POL c a ta ly t ic  s u b u n i t  e x h ib i te d  g r e a t ly  r e d u c e d  
a c t iv i ty  on  a n  a c t iv a te d  DNA te m p la te . A d d itio n  o f p u r i f ie d  UL42 
p r o te in  s t im u la te d  a c t iv i ty  4 -10  fo ld  b u t  n o t  in  th e  p r e s e n c e  o f a n t i -  
UL42 MAb. T h e se  o b s e rv a t io n s  s u g g e s t  a  s p e c if ic  ro le  f o r  UL42 p ro te in  
in  s t im u la t in g  c a ta ly t ic  a c t iv i ty  o f POL (Gallo e t  al., 1989).
A c o m p a riso n  o f th e  c a ta ly t ic  p r o p e r t ie s  o f HSV POL-UL42 p ro te in  
com plex  w ith  th o s e  o f th e  in d iv id u a l  s u b u n i t s  p u r i f ie d  from  HSV-1 
in f e c te d  c e lls  o r  e x p re s s e d  in  in s e c t  c e lls  in fe c te d  w ith  re c o m b in a n t
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b a c u lo v i ru s e s  h a s  sh o w n  thcu th 2  UL42 p r o te in  in c r e a s e s  p r o c e s s iv i ty  
o f th e  c a ta ly t ic  s u b u n i t  w h en  a  te m p la te  o f s in g ly  p rim e d  s in g le ­
s t r a n d e d  M13 DNA is  u s e d  (G o ttlieb  e t  al., 1990; H e rn a n d e z  a n d  
L ehm an , 1990). P r o d u c ts  o f th e  POL-UL42 p ro te in  com plex w e re  a lm ost 
e x c lu s iv e ly  e q u iv a le n t  to  f u l l - l e n g th  M13 DNA m olecu les w h e re a s  th o se  
p r o d u c e d  b y  POL a lo n e  w e re  m uch  sm a lle r . A d d itio n  o f an  e q u im o la r 
am o u n t of UL42 p r o te in  to  p u r i f ie d  POL p r io r  to  com m encem ent of th e  
r e a c t io n  r e s u l t e d  in  th e  g e n e ra t io n  of f u l l - l e n g th  p r o d u c ts .  T he POL- 
UL42 p r o te in  com plex w as a lso  fo u n d  to  u t il iz e  s ig n if ic a n t ly  fe w e r  
p r im e rs  t h a n  POL a lo n e , b u t  w ith  c o n s id e r a b ly  g r e a t e r  e ff ic ie n c y . In  
te m p la te  c h a lle n g e  e x p e r im e n ts , w h e re  a s e c o n d  te m p la te  w as a d d e d  to  
a  co m m itted  r e p l ic a t io n  r e a c t io n  on  a n  Ml 3 te m p la te , p r o d u c ts  
s y n th e s i s e d  b y  POL a lo n e  o r ig in a te d  from  b o th  M13 a n d  th e  0X174 
c h a lle n g e  te m p la te  a n d  few  of th e s e  w e re  f u l l - l e n g th  m o lecu les . POL- 
UL42 p r o te in  com plex , h o w e v e r , s y n th e s i s e d  a lm o st e x c lu s iv e ly  f u l l -  
l e n g th  M13 m o lecu le s  in d ic a t in g  t h a t  th e  com plex re m a in s  a s s o c ia te d  
w ith  i t s  te m p la te  a n d  i t s  DNA p o ly m e ra se  a c t iv i ty  is  h ig h ly  p ro c e s s iv e . 
I t  h a s  t h e r e f o r e  b e e n  p ro p o s e d  t h a t  th e  UL42 p r o te in  s e r v e s  a s  a 
p r o c e s s iv i ty  f a c to r  f o r  th e  v i r a l  DNA p o ly m e ra se  a n d  t h a t  a 
h e te r o d im e r  o f UL30 a n d  UL42 g e n e  p r o d u c t s  r e p r e s e n t s  th e  fu n c t io n a l  
HSV DNA p o ly m e ra se  h o lo en zy m e  (G o ttlie b  e t  a l., 1990). T he r e g io n  of
POL in v o lv e d  in  in te r a c t io n  w ith  th e  UL42 p r o te in  h a s  b e e n  m ap p ed  to
a  r e g io n  c o n s e r v e d  in  th e  DNA p o ly m e ra se  a  fam ily , in c lu d in g  th e  
p o ly m e ra s e s  e n c o d e d  b y  VZV a n d  EBV. T h is  r e g io n , n e a r  th e  C- 
te r m in u s ,  is  d i s t i n c t  from  th o s e  in v o lv e d  in  s u b s t r a t e  b in d in g  (D ig a rd  
a n d  C oen, 1990).
A lth o u g h  c la s s e d  a s  a  m em ber o f th e  DNA p o ly m e ra se  a  fam ily , HSV 
DNA p o ly m e ra s e  h a s  b e e n  sh o w n  to  b e  m ore  c lo se ly  r e l a te d  to  DNA 
p o ly m e ra s e  6 t h a n  to  a  i t s e l f  (B o u le t e t  al., 1989). In  a d d it io n  to  am ino 
a c id  s e q u e n c e  s im ila r i ty , b o th  e x is t  a s  h e te ro d im e rs  of a  la r g e
c a ta ly t ic  s u b u n i t  a n d  a sm all a c c e s s o ry  s u b u n i t  (B a u e r  a n d  B u r g e rs ,  
1988; L ee e t  al., 1984). U n like  DNA p o ly m e ra se  a , b o th  e x h ib i t  3 '—5' 
e x o n u c le a se  a c t iv i ty  a n d  a r e  h ig h ly  p ro c e s s iv e .
T h e  UL42 p r o te in ,  Mr  62 000-65  000, is  p h o s p h o ry la te d  a n d  is  
a p p ro x im a te ly  20 tim es  a s  a b u n d a n t  a s  POL in  HSV-1 in fe c te d  c e lls  
(G o ttlie b  e t  al., 1990). I t  b in d s  in  a  n o n - c o o p e ra t iv e  a n d  s e q u e n c e
in d e p e n d e n t  m a n n e r  to  d o u b le - s t r a n d e d  DNA (M a rsd e n  e t  al., 1987). 
T h e  s ig n if ic a n c e  o f i t s  D N A -bind ing  p r o p e r t ie s  in  th e  r e p l ic a t io n  of 
v i r a l  DNA is  u n c le a r  a n d  i t  is  n o t  k n o w n  w h e th e r  u n c o m p le x ed  UL42 
p r o te in  h a s  a n y  ro le . T he UL42 p r o te in  a p p e a r s  to  b in d  t ig h t ly  a n d
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p r e f e r e n t ia l ly  to  th e  e n d s  of d u p le x  DNA a n d  th is  in c r e a s e d  a f f in ity  
f o r  d u p le x  e n d s  m ay b e  r e l a te d  to  i t s  ro le  in  s tim u la tin g  DNA 
p o ly m e ra s e  p r o c e s s iv i ty  (G o ttlieb  e t  al., 1990). By a n a lo g y  w ith  
a c c e s s o r y  s u b u n i t s  of o th e r  DNA p o ly m e ra s e s , th e  UL42 p ro te in  may 
a c t  a s  a  'c la m p ' w h ich  d e c re a s e s  th e  p o s s ib i l i ty  of d is s o c ia t io n  of th e  
e n zy m e  a n d  th e  te m p la te  (M ace a n d  A lb e r ts ,  1984; H u b e r  e t  al., 1987a; 
b ) .
N u c le a r  lo c a lis a tio n  is  a n  in t r in s ic  p r o p e r ty  of b o th  POL a n d  UL42 
p r o te in .  H ow ever, th e  lo c a liz a tio n  of th e s e  p r o te in s  to  c h a r a c te r i s t ic  
r e p l ic a t io n  c o m p a r tm e n ts  d e p e n d s  u p o n  th e  p r e s e n c e  of mDBP a n d  
o n g o in g  v i r a l  DNA s y n th e s i s  (d e B ru y n  K ops a n d  K nipe, 1988; G oodrich  
e t  a l ., 1990).
(b )  M ajo r S in g le - S t r a n d e d  D N A -B inding P r o te in  (E n c o d e d  b y  Gene 
UL29)
In  e a r ly  s tu d ie s  a  p o ly p e p t id e  o f e s tim a te d  Mr  130 000 (ICP8, 
mDBP) w as id e n t i f ie d  a s  a  m a jo r  p r o te in  in d u c e d  in  HSV in fe c te d  ce lls  
(H o n ess  a n d  R oizm an, 1973; Pow ell a n d  C o u r tn e y , 1975). A n a ly s is  of t s  
m u ta n ts  l a t e r  id e n t i f ie d  th i s  p r o te in  a s  th e  p r o d u c t  o f HSV-1 g e n e  d b p  
(U L29) a n d  d e m o n s t r a te d  t h a t  i t  w as e s s e n t ia l  f o r  th e  r e p l ic a t io n  of 
v i r a l  DNA (C o n ley  e t  al., 1981; W eller e t  al., 1983; L i t t le r  e t  al., 1983; 
Dixon e t  al., 1983; G odow ski a n d  K n ipe , 1983; 1985; 1986; L e in b a c h  e t  
al., 1984; H o lland  e t  al., 1984). T he e s tim a te d  m o le c u la r  w e ig h t o f th e  
HSV m a jo r  s in g l e - s t r a n d e d  D N A -b ind ing  p r o te in  (mDBP) is  Mr  128 341, 
p r e d ic te d  from  DNA s e q u e n c e  a n a ly s is  (Q u inn  a n d  M cGeoch, 1985). 
mDBP b in d s  p r e f e r e n t ia l ly  a n d  c o -o p e r a t iv e ly  to  s in g l e - s t r a n d e d  DNA 
w ith  a  s to ic h io m e try  o f on e  mDBP m olecu le  b o u n d  p e r  12 n u c le o t id e s  
(B a y lis s  e t  al., 1975; Pow ell a n d  P u r ifo y , 1976; R u y e c h a n , 1983; Lee a n d  
K n ipe , 1983; O 'D onnell e t  al., 1987b; Gao e t  al., 1988). mDBP b in d s  DNA 
s u c h  t h a t  p r o te in - c o a te d  DNA f ila m e n ts  a r e  fo rm e d . In  th e  a b s e n c e  of 
DNA, mDBP m o lecu les  a g g r e g a te  in to  a  f ila m e n to u s  fo rm  (O 'D onnell e t  
al., 1987b). B in d in g  o f mDBP to  ssDNA is  t h o u g h t  to  s ta b i l is e  th e  
s t r u c t u r e  o f th e  r e p l ic a t io n  f o rk  (Pow ell e t  al., 1981; R u y e c h a n , 1983; 
R u y e c h a n  a n d  W eir, 1984; Lee a n d  K nipe, 1983; O 'D onnell e t  al., 1987b). 
I n  a d d it io n , mDBP c a u s e s  a  d e c re a s e  in  th e  m eltin g  te m p e r a tu r e  of 
p o ly (d A .d T ) d u p le x  DNA (Pow ell e t  al., 1981) a n d  m ay f a c i l i ta te  s t r a n d  
s e p a r a t io n .
mDBP, in  th e  a b s e n c e  of o th e r  HSV p r o te in s ,  h a s  b e e n  r e p o r t e d  to  
s t im u la te  th e  a c t iv i ty  of HSV DNA p o ly m e ra se  on a c t iv a te d  DNA 
te m p la te s  (R u y e c h a n  a n d  W eir, 1984; G o ttle ib  e t  al., 1990: H e rn a n d e z
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a n d  L ehm an , 1990). On s in g ly  p rim e d  s in g le - s t r a n d e d  te m p la te s  mDBP 
h a s  b e e n  sh o w n  to  e f f e c t  a  m o d es t s tim u la tio n  of th e  DNA p o ly m e rase  
c a ta ly t ic  s u b u n i t  (G o ttle ib  e t  al., 1990) a n d  a d d it io n a lly  th e  p o ly m e rase  
h o lo en zy m e  (H e rn a n d e z  a n d  L ehm an , 1990).
By a n a ly s is  o f t s  m u ta tio n s , th e  D N A -bind ing  dom ain  of mDBP w as 
s u g g e s te d  to  b e  in  th e  C -te rm in a l r e g io n  of th e  p o ly p e p tid e  (W eller e t  
al., 1983). A n a ly s is  of t r u n c a te d  mDBP p o ly p e p t id e s  t r a n s la t e d  in  v i tr o  
c o n firm e d  th i s  lo c a tio n  (L e in b a c h  a n d  H ea th , 1988). F in e  m ap p in g  of t s  
m u ta tio n s  h a s  d e f in e d  a r e g io n  b e tw e e n  am ino a c id  r e s id u e s  348 a n d  
450 a s  im p o r ta n t  f o r  D N A -b ind ing  (Gao e t  al., 1988) a n d  p ro te o ly tic  
d ig e s t io n  of mDBP h a s  id e n t if ie d  tw o r e g io n s  r e q u i r e d  f o r  D N A -binding  
(W ang a n d  Hall, 1990). One r e g io n , b e tw e e n  r e s id u e s  332 a n d  564, 
c o n ta in s  a  z in c - b in d in g  m otif a n d  m ay p a r t ic ip a te  in  i n t r a -  o r  
in te rm o le c u la r  i n te r a c t io n s  c o n t r ib u t in g  to  c o -o p e ra t iv e  D N A -binding  
(W ang a n d  Hall, 1990; Gao e t  al., 1988; L e in b a c h  a n d  H ea th , 1988). The 
p r e s e n c e  o f z in c , h o w e v e r , d o e s  n o t  a p p e a r  n e c e s s a r y  f o r  DNA 
b in d in g ,  e i t h e r  b y  mDBP o r  a n  e x p r e s s e d  f ra g m e n t  of th e  p ro te in  
c o n ta in in g  th is  m o tif (L e in b a c h  a n d  H ea th , 1988; R u y e c h a n  p e r s .  
com m .). T he  o th e r  r e g io n ,  to w a rd s  th e  C - te rm in u s , b e tw e e n  r e s id u e s  
571-1160 , w as id e n t i f ie d  a s  th e  c o re  D N A -b ind ing  s i te  o f mDBP (W ang 
a n d  Hall, 1990). B o th  r e g io n s  a r e  c o n s e r v e d  in  hom ologous p r o te in s  
e n c o d e d  b y  h e r p e s v i r u s e s  VZV a n d  EBV.
HSV mDBP in h e r e n t ly  lo c a lis e s  to  th e  n u c le u s  o f th e  in fe c te d  cell. 
F o llo w in g  i t s  s y n th e s i s  in  th e  c y to p la sm  i t  beco m es a t ta c h e d  to  th e  
c y to p la sm ic  f ra m e w o rk  a n d  is  th e n  t r a n s p o r t e d  to  th e  n u c le u s  w h e re  i t  
a s s o c ia te s  w ith  th e  n u c le a r  m a tr ix  (F e n w ick  e t  al., 1978; K nipe a n d  
S p a n g , 1982; Q u in lan  a n d  K nipe, 1983). T he p r e c is e  d i s t r ib u t io n  of 
mDBP is  r e g u la te d ,  a t  l e a s t  in  p a r t ,  b y  th e  p h y s io lo g y  o f th e  in fe c te d  
c e ll a n d  th e  s t a t u s  of v i r a l  DNA r e p l ic a t io n  (K nipe a n d  S p a n g , 1982; 
Q u in lan  e t  al., 1984). In  th e  a b s e n c e  o f DNA re p l ic a t io n  mDBP is  
lo c a lis e d  in  r e g u la r ly  d i s t r ib u t e d  d i s c r e te  a r e a s  te rm e d  p r e - r e p l ic a t iv e  
s i t e s .  As v i r a l  r e p l ic a t io n  p ro c e e d s  mDBP beco m es lo c a lis e d  in  ra n d o m ly  
d i s t r i b u t e d  g lo b u la r  s t r u c t u r e s  te rm e d  re p l ic a t io n  c o m p a r tm e n ts . T he 
s iz e  a n d  n u m b e r  o f r e p l ic a t io n  c o m p a r tm e n ts  in c r e a s e s  t h r o u g h o u t  th e  
p r o c e s s  o f v i r a l  DNA re p l ic a t io n  u n t i l  m ost of th e  n u c le u s  is  in c lu d e d . 
A m in o r p r o p o r t io n  o f mDBP m olecu les re m a in  a t  p r e - r e p l ic a t iv e  s i te s ,  
p o s s ib ly  s e r v in g  a s  a  r e s e r v o i r  (Q u in lan  e t  al., 1984). T he d i s t r ib u t io n  
o f s i t e s  a t  w h ic h  v i r a l  DNA is  s y n th e s i s e d  is  c o in c id e n t  w ith  th e  
d i s t r ib u t io n  o f r e p l ic a t io n  c o m p a rtm e n ts  (L ee a n d  K nipe, 1983; R ixon e t  
al., 1983; R a n d a ll a n d  D inw oodie, 1986; d e B ru y n  Kops a n d  K nipe, 1988).
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W hen DNA s y n th e s i s  is  in h ib i te d  mDBP d o es  n o t lo ca lise  w ith in  
r e p l ic a t io n  c o m p a r tm e n ts  b u t  is  p r e s e n t  a t  p r e - r e p l ic a t iv e  s i te s .  
F o llow ing  r e v e r s a l  of th e  b lo ck  in  DNA s y n th e s i s  mDBP r e d i s t r i b u te s  to  
th e  r e p l ic a t io n  c o m p a r tm e n ts  (Q u in lan  e t  al., 1984; R an d a ll a n d  
D inw oodie, 1986; d e B ru y n  Kops a n d  K nipe, 1988). T re a tm e n t w ith  DNase 
I  r e s u l t s  in  c o n s id e ra b le  r e d u c t io n  in  th e  a m o u n t of mDBP p r e s e n t  in  
r e p l ic a t io n  c o m p a r tm e n ts  s u g g e s t in g  a n  in te r a c t io n  b e tw e e n  mDBP a n d  
r e p l i c a t in g  v i r a l  DNA a t  th e s e  s i t e s  (Q u in lan  e t  al., 1984; R an d a ll a n d  
D inw oodie , 1986).
U n d e r  c o n d it io n s  p e rm it t in g  v i r a l  DNA re p l ic a t io n , HSV-1 DNA 
p o ly m e ra s e , UL42 p r o te in  a n d  o r ig in - b in d in g  p ro te in  e a c h  e x h ib i t  a n  
i n t r a c e l lu la r  lo c a lis a tio n  p a t t e r n  s im ila r  to  t h a t  of mDBP (Olivo e t  al., 
1989). DNA p o ly m e ra s e  a n d  UL42 p r o te in  h a v e  b e e n  show n  to  co - 
lo c a lise  to  r e p l ic a t io n  c o m p a r tm e n ts  w ith in  th e  sam e cell. H ow ever, th is  
lo c a l is a tio n  is  d e p e n d e n t  u p o n  th e  e x p re s s io n  o f fu n c t io n a l  mDBP 
(R a n d a ll a n d  D inw oodie , 1986; T hom as e t  al., 1988; G oodrich  e t  al., 1990; 
B u sh  e t  al., 1991). HSV a lk a lin e  e x o n u c le a se  a n d  IE p ro te in  Vmwl75 a re  
a lso  d i s t r i b u t e d  in  th e  in f e c te d  ce ll n u c le u s  s im ila rly  to  mDBP (Thom as 
e t  al., 1988; R a n d a ll a n d  D inw oodie, 1986).
T h e s e  o b s e r v a t io n s  s u g g e s t  a  m a jo r  ro le  fo r  mDBP in  th e  
r e c r u i tm e n t  o f HSV DNA re p l ic a t io n  p r o te in s  to  s i t e s  a t  w h ich  
s y n th e s i s  o f v i r a l  DNA o c c u rs .  I t  t h e r e f o r e  a p p e a r s  t h a t  o rg a n is e d  
s i t e s  f o r  HSV DNA s y n th e s i s  e x is t  a s  is  a lso  th e  c a se  f o r  c e llu la r  DNA 
r e p l ic a t io n  a l th o u g h  t h e i r  r e la t io n s h ip  re m a in s  to  b e  d e te rm in e d  
(H u b e rm a n , 1987; d e B ru y n  K ops a n d  K n ipe , 1988). In  HSV-1 in fe c te d  
c e lls  t h e  s i t e s  a t  w h ich  c e llu la r  DNA re p l ic a t io n  o c c u rs  becom e 
r e d i s t r i b u t e d  s u c h  t h a t  t h e y  c o in c id e  w ith  p r e - r e p l ic a t iv e  s i t e s  o f 
v i r a l  DNA s y n th e s i s  (d e B ru y n  Kops a n d  K nipe, 1988). In  a d d it io n ,
c e r t a in  c e l lu la r  p r o te in s  a r e  r e d i s t r i b u t e d  s u c h  t h a t  t h e y  c o -lo c a lize
(tc'Jccck: c u d
w ith  mDBP ),Lane, 1991). W hen v i r a l  DNA s y n th e s i s  is  in h ib i te d  b y  PAA 
c o m p o n e n ts  o f th e  c e llu la r  DNA re p l ic a t io n  a p p a r a tu s  re m a in  a t  th e s e  
s i t e s  a n d  c o n tin u e  to  s y n th e s i s e  c e llu la r  DNA. R e d is tr ib u t io n  of c e llu la r  
DNA r e p l ic a t io n  s t r u c t u r e s  d id  n o t  o c c u r  in  c e lls  in fe c te d  w ith  t s  
m u ta n ts  o f HSV-1 w ith  a  le s io n  in  g e n e  UL29. T h e se  s tu d ie s  th e r e f o r e  
in d ic a te  a  ro le  f o r  mDBP in  th e  o rg a n is a t io n  o f c e llu la r  a s  w ell a s  v i r a l  
DNA r e p l ic a t io n  p r o te in s  a t  d i s c r e te  s i t e s  w ith in  th e  in fe c te d  ce ll 
n u c le u s  (d e B ru y n  K ops a n d  K nipe, 1988; B u sh  e t  al., 1991).
Some t s  m u ta n ts  of HSV w ith  le s io n s  in  UL29 e x h ib i t  s e n s i t iv i ty  to  
m eta b o lic  i n h ib i to r s  o f HSV DNA p o ly m e ra se . T h is  m ay r e f l e c t  a 
p h y s ic a l  in te r a c t io n  b e tw e e n  mDBP a n d  POL w h ich  m o d u la te s  th e
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c a ta ly t ic  a c t iv i ty  of DNA p o ly m e ra se  (C hiou  e t  al., 1985). S p ec ific  
m u ta tio n s  d i r e c te d  to  v a r io u s  r e g io n s  w ith in  UL29 h a v e  r e v e a le d  
s e v e r a l  m u ta n t  p h e n o ty p e s  of mDBP (Gao a n d  K nipe, 1989). DNA 
n e g a t iv e  m u ta n ts  e n c o d in g  mDBP w ith  d e fe c ts  in  D N A -binding , n u c le a r  
lo c a lis a tio n  o r  b o th  f u n c t io n s  w e re  is o la te d . T h u s , D N A -binding  a n d  
n u c le a r  lo c a lis a tio n  a p p e a r  to  b e  s e p a r a b le  fu n c t io n s  of th e  p ro te in . 
A lso, m u ta n ts  w e re  id e n t if ie d  w h ich  w e re  u n a b le  to  r e p l ic a te  DNA b u t  
e n c o d e d  mDBP w h ich  c o u ld  b in d  DNA in  v i t r o  a n d  w as lo c a lise d  to  th e  
n u c le u s  in  v iv o ,  s u g g e s t in g  t h a t  o th e r  e s s e n t ia l  f u n c t io n s  m ay be  
m e d ia te d  b y  th e  p r o te in .  T h e se  c o u ld  in c lu d e  p ro te in :p r o te in  
in te r a c t io n s  w ith  v i r a l  o r  c e llu la r  f a c to r s  in v o lv e d  in  th e  r e p l ic a t io n  of 
v i r a l  DNA o r  b e  r e l a te d  to  th e  m e ltin g  o f DNA (Gao e t  al., 1988; Gao 
a n d  K n ipe , 1989).
T he  N -te rm in a l dom ain  of mDBP e x h ib i ts  lim ited  am ino a c id
s e q u e n c e  s im ila r i ty  w ith  m am m alian p r o l i f e r a t in g  ce ll n u c le a r  a n tig e n  
(PCNA) (M atsum oto  e t  al., 1987). T he in t r a c e l lu la r  lo c a lis a tio n  of PCNA 
is  r e g u la te d  b y  th e  s t a t u s  o f c e llu la r  DNA re p l ic a t io n  a n d  i ts  p r e s e n c e  
is  r e q u i r e d  fo r  th e  c a ta ly s is  of DNA s y n th e s i s  b y  m am m alian DNA
p o ly m e ra s e  6 (B ravo -M acD ona ld  a n d  B rav o , 1985). T4 g e n e  32 p ro te in  is  
s im ila r ly  e s s e n t ia l  f o r  r e p l ic a t io n  of th e  b a c te r io p h a g e  DNA a n d  is  a lso  
a m u lt i - fu n c t io n a l  p r o te in  w h ich  e x h ib i ts  s i n g l e - s t r a n d e d  D N A -bind ing  
a c t iv i ty  a n d  p a r t i c ip a te s  in  p r o te in :p r o te in  in te r a c t io n s  w ith  o th e r  T4 
g e n e  p r o d u c t s  (A lb e r ts  e t  al., 1983; N ossal a n d  A lb e r ts ,  1983). L ike 
PCNA a n d  T4 g e n e  32 p r o te in ,  mDBP a p p e a r s  to  h a v e  s e v e r a l  im p o r ta n t  
r o le s  in  DNA m etabo lism .
(c )  O r ig in -B in d in g  P ro te in  (E ncoded  b y  Gene UL9)
An a c t iv i ty  in  HSV-1 in fe c te d  c e lls  w h ich  in te r a c te d  s p e c if ic a lly
w ith  a n  HSV-1 o r ig in  o f r e p l ic a t io n  w as f i r s t  d e s c r ib e d  b y  E lias  e t  al.
(1986). To id e n t i f y  th e  g e n e  e n c o d in g  th is  a c t iv i ty  HSV-1 ORFs 
e s s e n t ia l  f o r  th e  r e p l ic a t io n  of v i r a l  DNA w e re  c lo n e d  a n d  e x p re s s e d  in  
in s e c t  c e lls  u s in g  a b a c u lo v iru s  v e c to r  (O livo e t  al., 1988) o r  in  BHK 
c e lls  u s in g ,  a s  a  v e c to r ,  a n  HSV-1 m u ta n t, tsK (W eir e t  al., 1989; T h is  
t h e s i s ) .  I n  th e  l a t t e r  c a se  th e  ORFs w e re  i n s e r te d  u n d e r  th e  c o n tro l  of 
th e  IE3 g e n e  p ro m o te r . S ince  tsK is  b lo c k e d  a t  th e  IE  s ta g e  of 
in fe c t io n  th e s e  i n s e r t e d  ORFs c o u ld  b e  e x p re s s e d  a t  NPT in  th e  
a b s e n c e  o f o th e r  DNA re p lic a t io n  g e n e s . T h e se  s tu d ie s  sh o w ed  t h a t  th e  
UL9 g e n e  e n c o d e d  o r ig in -b in d in g  a c t iv i ty  (O livo e t  a l ,  1988; W eir e t  
al., 1989). A n tis e ra  r a i s e d  in  r a b b i t s  to  s y n th e t ic  d e c a p e p t id e s  
c o r r e s p o n d in g  to  th e  p r e d ic te d  C -te rm in a l am ino a c id  s e q u e n c e s  of
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f o u r  HSV-1 r e p l ic a t io n  g e n e s  (UL5, UL8, UL9 a n d  UL52) c o n firm ed  th a t  
HSV o r ig in  b in d in g  p r o te in  (OBP) w as e n c o d e d  b y  g e n e  UL9 s in c e  
p r o te in —DNA com plexes c o n ta in in g  oris a n d  th e  o r ig in —b in d in g  a c t iv i ty  
w e re  im m u n o p re c ip i ta te d  o n ly  b y  th e  a n ti-U L 9  a n tis e ru m  (Olivo e t  al.,
1988). S im ila rly  com plexes b e tw e e n  th e  o r ig in -b in d in g  p ro te in  iso la te d  
from  HSV-1 in fe c te d  c e lls  a n d  a DNA f ra g m e n t  c o n ta in in g  oris, 
e x h ib i te d  r e d u c e d  m o b ility  in  a g e l r e t a r d a t io n  a s s a y , a n d  w ere  
f u r t h e r  r e t a r d e d  b y  a d d it io n  of a n ti-U L 9  a n tis e ru m  (W eir e t  al., 1989).
DNA s e q u e n c e  a n a ly s is  h a s  p r e d ic te d  an  Mr  94,246 fo r  th e  UL9 
g e n e  p r o d u c t  (M cG eoch e t  al., 1988a). HSV o r ig in -b in d in g  a c t iv i ty  
p u r i f ie d  to  h o m o g e n e ity  from  HSV-1 in fe c te d  c e lls  e x h ib i te d  an  
a p p a r e n t  Mr  83,000 (E lia s  a n d  L ehm an , 1988). HSV-1 OBP 
im m u n o p re c ip i ta te d  from  HSV-1 in fe c te d  c e lls  o r  from  in s e c t  ce lls  
in f e c te d  w ith  a  r e c o m b in a n t  b a c u lo v i ru s  e x p re s s in g  th e  UL9 g e n e  
e x h ib i te d  Mr  82,000 (O livo e t  al., 1988). I t  is  n o t  k n o w n  w h e th e r  th e s e  
p r o te in s  c o r r e s p o n d  to  th e  co m p le te  p r e d ic te d  ORF. T he e x p e rim e n ts  
w ith  a n t i - p e p t id e  a n t i - s e r a  show  t h a t  th e  C -te rm in a l s e q u e n c e s  m u st 
b e  p r e s e n t .
O rig in  r e c o g n i t io n  is  a n  in t r in s ic  p r o p e r ty  o f th e  UL9 p ro te in  
(O livo e t  al., 1988; E lias  a n d  L ehm an , 1988). HSV OBP w as o r ig in a lly  
sh o w n , b y  DNase I  f o o t - p r in t in g ,  to  p r o te c t  a n  18bp  r e g io n  s p a n n in g  
th e  l e f t - h a n d  e n d  o f th e  HSV-1 oris p a lin d ro m e , a s  d e p ic te d  in  F ig u re  
5 (E lia s  e t  al., 1986). W ithin  th is  18bp  p r o te c te d  s e q u e n c e  ( b in d in g  s ite
I)  l ie s  a n  l l b p  s e q u e n c e  (5'CGTTCGCACTT3') , w h ich  is  c o n s e r v e d  in  
oris o f HSV-2 a n d  VZV a n d  orA. o f HSV-1 a n d  HSV-2 (W eller e t  al., 
1985; S tow  a n d  D av iso n , 1986; L o c k sh o n  a n d  G allow ay, 1986; 1988). Two 
a d d it io n a l  a lm o s t id e n t ic a l  c o p ie s  o f t h i s  l l b p  s e q u e n c e  e x is t  w ith in  
th e  m inim al HSV-1 oris (S tow  a n d  M cM onagle, 1983). One o f th e s e  
o c c u r s  in  in v e r t e d  o r ie n ta t io n  in  th e  r i g h t  arm  of th e  p a lin d ro m e  ( s i te
I I ) ,  a n d  th e  o th e r  in  u w ^ te d  o r ie n ta t io n  a d ja c e n t  to  s i te  I  o u ts id e  th e  
p a lin d ro m e  a t  th e  l e f t - h a n d  s id e  (m otif I I I ) .  P u r if ie d  OBP w as 
s u b s e q u e n t ly  sh o w n  to  b in d  s i te  I I  in  a d d it io n  to  s i te  I  a l th o u g h  th e  
a f f in i ty  f o r  s i t e  I  w as 10 tim es g r e a t e r  th a n  fo r  s i t e  I I  (E lia s  a n d  
L eh m an , 1988). T h is  d i f f e re n c e  in  a f f in i ty  is  p ro b a b ly  a  r e f le c t io n  of 
th e  d i f f e r e n c e  b e tw e e n  th e  n u c le o tid e  s e q u e n c e s  of th e  l l b p  m o tifs .
DNase I  p r o te c t io n  s tu d ie s  a n d  m e th y la tio n  in te r f e r e n c e  
e x p e r im e n ts  id e n t i f ie d  a n  8bp  s e q u e n c e  (5'GTTCGCAC3') a s  b e in g  
c ru c ia l  f o r  s e q u e n c e  s p e c if ic  b in d in g . I t  h a s  b e e n  p ro p o s e d  t h a t  th is  








































































































F igu re  5 . OBP B in d in g  S i t e s  W ithin Q ris
The 90bp seq u en ce  o f  th e  HSV-1 m inim al o r i s ,  a s  d e f in e d  by Stow 
and  McMonagle (1 9 8 3 ), i s  shown in  p a n e l a .  The 45bp p a lin d ro m e  i s  
i n d ic a te d  by th e  a r ro w s . C onserved  s i t e s  I and I I  and m o tif  I I I  a re  
a l s o  i n d i c a t e d .  The r e g io n  p r o te c te d  from  DNase I d ig e s t io n ,  a s  
r e p o r t e d  by E l i a s  e t  a l . ,  (1986) w hich in co rp o ra te s?1 s i t e  I ,  i s  
u n d e r l in e d .
The se q u en c e s  o f  s i t e s  I ,  I I  and  m o tif  I I I  a r e  a l ig n e d ,  in  th e
same o r i e n t a t i o n ,  i n  p a n e l b . The s in g l e  b a se  d i f f e r e n c e  betw een  s i t e
I and  m o ti f  I I I  i s  i n d ic a te d  by th e  d o t .  In  m u ta tio n a l  a n a ly s i s  o f
s i t e  I ,  a  G-T s u b s t i t u t i o n  was in tro d u c e d  (W eir and Stow, 1990 ).
In double stranded form:
5 -G T V gCG
GCVgTG-5'
T he sy m m e try  of th is  e le m en t is  c o n s is te n t  w ith  UL9 p ro te in  
b in d in g  a s  a  d im e r , e a c h  m onom er re c o g n iz in g  th e  p e n ta m e r ic  m otif 
(K off a n d  T e g tm e y e r , 1988). In  s u p p o r t  of th is  h y p o th e s is  p u r if ie d  OBP 
h a s  b e e n  fo u n d  to  e x is t  a s  a d im e r in  so lu tio n  (M D C h a llb e rg , 
u n p u b l is h e d  r e s u l t s ,  re v ie w e d  b y  C h a llb e rg  a n d  K elly , 1989).
D ele tion  a n d  m u ta tio n a l a n a ly s e s  of HSV-1 oris h a v e  sh o w n  s ite  I 
to  b e  e s s e n t ia l  f o r  th e  in it ia t io n  of r e p l ic a t io n . T he r e s u l t s  in d ic a te d  a 
d i r e c t  r e la t io n s h ip  b e tw e e n  th e  a b i l i ty  o f UL9 p r o te in  to  b in d  s i te  I 
a n d  oris f u n c t io n  (D eb a n d  Deb, 1989; W eir a n d  S tow , 1990). B in d in g  of 
OBP w as a b o lis h e d  b y  a  s in g le  p o in t  m u ta tio n  in  s i te  I  a t  one  of th e  
tw o G r e s id u e s  p r e s e n t  in  th e  o v e r la p  of th e  i n v e r t e d  p e n ta m e r ic  
m o tifs  ( F ig u r e  5, W eir a n d  S tow , 1990). T h e se  G r e s id u e s  h a v e  b e e n  
sh o w n  to  fo rm  e s s e n t ia l  c o n ta c ts  w ith  OBP (Koff a n d  T e g tm e y e r, 1988) 
a n d  th e  b e h a v io u r  o f th e  p o in t  m u ta n t  c o n firm s  th e  im p o r ta n c e  of one 
o f th e  GC b a s e  p a i r s  in  s e q u e n c e - s p e c if ic  b in d in g  of HSV OBP.
D ele tion  o f s i t e  I I  r e s u l t e d  in  a  r e s id u a l  o r ig in  a c t iv i ty  of 
a p p ro x im a te ly  5% (L o c k sh o n  a n d  G allow ay, 1988; W eir a n d  S tow , 1990). 
In  c o n t r a s t ,  Deb a n d  D o e lb e rg  (1988) h a v e  r e p o r t e d  t h a t  s i te  I I  is  
d i s p e n s a b le  f o r  e f f ic ie n t  in it ia t io n  o f r e p l ic a t io n . T he r e a s o n  fo r  th is  
d i s c r e p a n c y  is  n o t  c le a r .  VZV oris , w h ich  la c k s  s i te  I I ,  r e p l ic a te s  w ith  
o n ly  5% of th e  e f f ic ie n c y  of HSV oris in  r e s p o n s e  to  HSV h e lp e r  
fu n c t io n s  (S tow  a n d  D av iso n , 1986). T h is  is  c o n s is te n t  w ith  a 
r e q u i r e m e n t  f o r  tw o f u n c t io n a l  b in d in g  s i t e s  f o r  e f f ic ie n t  in it ia t io n  of 
DNA re p l ic a t io n  (W eir a n d  S tow , 1990). An is o la te d  m otif I I I  fa i ls  to  
b in d  OBP in  v i t r o  a l th o u g h  i t s  s e q u e n c e  d i f f e r s  from  t h a t  o f s i te  I  b y  
o n ly  o n e  n u c le o t id e , a n  e s s e n t ia l  O B P -c o n ta c tin g  G r e s id u e ,  a n d  i t s  
d e le t io n  r e s u l t s  in  o n ly  a s l ig h t  (2 -fo ld )  r e d u c t io n  in  oris fu n c t io n  
(W eir a n d  S tow , 1990). A p p ro x im a te ly  20bp  to  th e  le f t  o f s i te  I  in  HSV- 
2 oris h a v e  a lso  b e e n  sh o w n  to  b e  r e q u i r e d  f o r  e f f ic ie n t  r e p l ic a t io n  to  
b e  in i t ia te d  (L o c k sh o n  a n d  G allow ay, 1988). I t  is  p o s s ib le  t h a t  m otif I I I  
m ay c o n t r ib u te  to  th e  c o -o p e ra t iv e  b in d in g  o f OBP to  oris o r  th is  
r e g io n  m ay c o n ta in  som e o th e r  im p o r ta n t  s e q u e n c e  e lem en t.
DNase I  f o o t - p r i n t  a n a ly s is  h a s  sh o w n  t h a t  OBP b in d s  oris co­
o p e r a t iv e ly  (E lia s  a n d  L ehm an , 1988). I n t r o d u c t io n  o f tw o p o in t  
m u ta tio n s  to  a  s y n th e t ic  o lig o n u c le o tid e  r e p r e s e n t in g  th e  s i te  I 
s e q u e n c e  c a u s e d  a  1 0 0 -fo ld  d e c re a s e  in  a f f in i ty  o f OEP w h e re a s  th e  
sam e m u ta tio n s  w ith in  a f ra g m e n t  c o n ta in in g  th e  co m ple te  oris 
s e q u e n c e  r e s u l t e d  in  o n ly  a 2 -fo ld  r e d u c t io n  in  a f f in i ty  fo r  th is  s i te
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(E lias  e t  al., 1990). S u c h  c o -o p e ra t iv e  b in d in g  b y  OBP to  oris m ay well 
b e  m e d ia te d  b y  p r o te im p r o te in  in te r a c t io n s .  T he C -te rm in a l o n e - th i r d  
of OBP c o n ta in s  th e  D N A -bind ing  dom ain  of th e  p ro te in  (W eir e t  al., 
1989). T he N -te rm in a l r e g io n s  of OBP m o lecu les b o u n d  to  DNA co u ld  
p o s s ib ly  b e  in v o lv e d  in  in te r a c t io n s  w ith  e a ch  o th e r  a n d  o th e r
p r o te in s  (E lias  a n d  L ehm an , 1988). F o llow ing  in te r a c t io n  of OBP w ith  
oris t h e  p a t t e r n  of DNase I c le a v a g e  a t  n o n - p r o te c te d  p o s it io n s  
beco m es a l t e r e d  s u g g e s t in g  t h a t  b in d in g  c a u s e s  a  c o n fo rm a tio n a l 
c h a n g e  (E lias  e t  al., 1990). I n s e r t io n  of v a r io u s  n u m b e rs  of AT
d in u c le o t id e s  in to  th e  c e n t r e  o f th e  oris p a lin d ro m e  c a u s e s  cy c lic
c h a n g e s  in  o r ig in  f u n c t io n  s u g g e s t in g  t h a t  s e q u e n c e s  o th e r  th a n  th o s e  
r e c o g n is e d  b y  OBP a r e  im p o r ta n t  f o r  a c t iv i ty  (L o c k sh o n  a n d  Gallow ay,
1988). Maxima in  o r ig in  fu n c t io n  c o r r e s p o n d  to  in s e r t io n  of in te g r a l  
n u m b e r s  o f h e lic a l t u r n s  o f DNA s u g g e s t in g  t h a t  in  a d d it io n  to  
n u c le o t id e  s e q u e n c e  s p e c i f ic i ty  in  r e la t iv e  o r ie n ta t io n  of OBP b in d in g  
s i t e s  m ay b e  r e q u i r e d  f o r  e f f ic ie n t  o r ig in  fu n c t io n . OBP m olecu les 
b o u n d  to  s i t e s  I  a n d  I I  m ay in t e r a c t  to  c a u se  a c o n fo rm a tio n a l c h a n g e , 
p o s s ib ly  b e n d in g  th e  A T -r ic h  t r a c t  a n d  r e n d e r in g  i t  a c c e s s ib le  to  th e  
r e m a in in g  c o m p o n e n ts  o f th e  HSV-1 r e p l ic a t iv e  m a c h in e ry . Local
u n w in d in g  o f th e  AT re g io n  m ay a lso  o c c u r . R e le v a n t to  th is  is  th e  
o b s e rv a t io n  t h a t  th e  N - te rm in a l r e g io n  o f OBP c o n ta in s  s e v e r a l  m otifs 
in c lu d in g  som e in v o lv e d  in  NTP h y d r o ly s i s  w h ich  a r e  c o n s e rv e d  in  
m any  p r o te in s  w h ich  h a v e  DNA h e lic a s e  a c t iv i ty  (G o rb a le n y a  e t  al., 
1989; G o rb a le n y a  a n d  K oonin, 1989). OBP h a s  in  f a c t  b e e n  sh o w n  to  
e x h ib i t  DNA h e lic a s e  a c t iv i ty  in  v i t r o  u s in g  p a r t ia l ly  d o u b le - s t r a n d e d  
s u b s t r a t e s  ( B r u c k n e r  e t  a l ,  1991; M D C h a llb e rg , u n p u b l is h e d  r e s u l t s ;  
T h is  th e s i s ) .  W h e th e r  OBP is  c a p a b le  o f u n w in d in g  d u p le x  DNA a t  HSV 
o r ig in s  o f r e p l ic a t io n  re m a in s  to  b e  d e m o n s tra te d .
By a n a lo g y  w ith  o th e r  s y s te m s , r e c o g n i t io n  a n d  b in d in g  of th e  
o r ig in  b y  OBP m ay r e p r e s e n t  th e  p r im a ry  e v e n t  in  th e  in it ia t io n  of 
r e p l ic a t io n  o f HSV DNA. H ow ever, v e r i f ic a t io n  of th i s  d i r e c t  ro le  is  
d i f f ic u l t  in  th e  a b s e n c e  o f a n  in  v i t r o  sy s te m . F o llow ing  b in d in g  OBP 
is  l ik e ly  to  b e  in v o lv e d  in  th e  a s se m b ly  o f a  p r e in i t ia t io n  com plex a n d  
s u b s e q u e n t  in i t ia t io n  o f DNA s y n th e s i s  (E lias  e t  al., 1990).
A sy m m etry  in  OBP a f f in i ty  f o r  i t s  b in d in g  s i t e s  in  oris co u ld  
im p a r t  u n id ir e c t io n a l i ty  in  in it ia t io n  o f r e p l ic a t io n . In  c o n t r a s t ,  th e  
p r e s e n c e  o f id e n t ic a l  O B P -b in d in g  s i t e s  in  th e  tw o a rm s  of HSV oriL 
m ay s u g g e s t  t h a t  r e p l ic a t io n  from  th i s  o r ig in  is  b id ire c t io n a l .
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(d )  H e lic a s e -P r im a s e  Com plex (E n c o d e d  b y  G enes UL5, UL8 a n d  UL52)
A n o v e l D N A -d ep en d en t A TPase a c t iv i ty  in d u c e d  in  HSV-1 in fe c te d  
c e lls  w as f i r s t  d e s c r ib e d  b y  C ru te  e t  al. (1988). T h is a c t iv i ty  w as 
d i s t in g u is h a b le  from  h o s t  a c t iv i t ie s  b y  i t s  e lu tio n  p a t t e r n  d u r in g
p h o s p h o c e l lu lo s e  co lum n c h ro m a to g ra p h y  a n d  i ts  n u c le o s id e  
t r i p h o s p h a te  s p e c if ic i ty .
D N A -d e p e n d e n t A T Pase a c t iv i ty  is  a  p r o p e r ty  of DNA h e lic a s e s
w h ich  c o u p le  h y d r o ly s i s  of ATP to  u n w in d in g  of d u p le x  DNA, a n d  th e
p a r t ia l ly  p u r i f ie d  HSV-1 in d u c e d  D N A -d e p en d e n t A TPase a c t iv i ty  w as
a lso  sh o w n  to  e x h ib i t  DNA h e lic a s e  a c t iv i ty  (C ru te  e t  al., 1988). DNA 
h e lic a s e  a c t iv i ty  w as a s s a y e d  u s in g  a  m odel s u b s t r a t e  w h ich  c o n s is te d  
o f a  r a d io - la b e l le d  o lig o n u c le o tid e  a n n e a le d  to  a  c i r c u la r  s in g le ­
s t r a n d e d  DNA m olecu le . P r o d u c ts  o f a n  u n w in d in g  r e a c t io n  in  th e  
p r e s e n c e  o f h e lic a s e  a n d  ATP (o r  o th e r  NTP) w e re  r e s o lv e d  on n o n ­
d e n a tu r in g  p o ly a c ry la m id e  g e ls . R ap id  m ig ra tio n  o f th e  la b e lle d
o lig o n u c le o tid e  in to  th e  g e l is  d ia g n o s t ic  o f h e lic a s e  a c t iv i ty .  U nw ound
h y b r id  s u b s t r a t e  DNA re m a in s  a t  th e  to p  of th e  g e l. M o d ifica tio n s  of 
th e  s u b s t r a t e  DNA m ay allow  f u r t h e r  c h a ra c te r iz a t io n  o f th e  h e lic a se  
e .g . a c t iv i ty  m ay v a r y  w ith  th e  le n g th  of d u p le x  to  b e  u n w o u n d , th e  
p r e s e n c e  o f 5 ' a n d / o r  3' ta i l  on  th e  f r a g m e n t  to  b e  d is p la c e d , o r  w ith
DNA:RNA h y b r id s  o r  RNA d u p le x  s u b s t r a t e s .  HSV DNA h e lic a s e  a c t iv i ty
w as sh o w n  to  b e  d e p e n d e n t  u p o n  th e  p r e s e n c e  o f a  f r e e ,  s in g le ­
s t r a n d e d  ta i l  a t  th e  3' e n d  of th e  f r a g m e n t  to  b e  d is p la c e d  s u g g e s t in g  
5 '- 3 ' t r a n s lo c a t io n  o f th e  en zy m e on  th e  s t r a n d  to  w h ic h  i t  is  b o u n d  
( s in g l e - s t r a n d e d  c ir c le ) (C ru te  e t  al., 1988). P u r if ic a t io n  of HSV DNA 
h e lic a s e  to  n e a r  h o m o g e n e ity  r e v e a le d  t h r e e  m a jo r  p o ly p e p t id e s ;  Mr
120.000, 97,000 a n d  70,000. D N A -d ep en d en t A T Pase, D N A -d ep en d en t 
G T Pase, DNA h e lic a s e  a n d  DNA p r im a se  a c t iv i t ie s  a lso  c o -p u r i f ie d  w ith  
th e s e  p r o te in s  (C ru te  e t  al., 1989). L ik e ly  c a n d id a te s  to  e n c o d e  th e  Mr
120.000, 97,000 a n d  70,000 p r o te in s  w e re  HSV-1 e s s e n t ia l  r e p l ic a t io n  
g e n e s  UL52, UL5 a n d  UL8 r e s p e c t iv e ly ,  w h ich  a t  th e  tim e h a d  no 
k n o w n  fu n c t io n .  A n tis e ra  r a i s e d  to  th e  p r o d u c ts  of th e s e  g e n e s  (Z hu 
a n d  W eller, 1988; O livo e t  al., 1989) w e re  fo u n d  to  b e  im m u n o re a c tiv e  
w ith  t h e  c o -e lu t in g  p r o te in s  t h u s  d e m o n s tra t in g  t h a t  th e  HSV-1 
h e l ic a s e - p r im a s e  com plex is  e n c o d e d  b y  g e n e s  UL52, UL5 a n d  UL8 
(C ru te  e t  al., 1989). B e c a u se  o f th e  low a b u n d a n c e  o f th e  h e l ic a s e -  
p r im a se  com plex  in  HSV-1 in fe c te d  c e lls  s e v e r a l  m ore r e c e n t  s tu d ie s  
h a v e  em p lo y e d  th e  UL5, UL8 a n d  UL52 p r o te in s  o v e r - e x p r e s s e d  in  
i n s e c t  c e lls  u s in g  re c o m b in a n t  b a c u lo v i ru s e s  (O livo e t  al., 1989; D odson 
e t  al., 1989; C a ld e r  a n d  S tow , 1990; T h is  T h e s is ) . L ike UL9, th e s e  ORFs
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h a v e  a lso  b e e n  o v e r - e x p r e s s e d  in  BHK c e lls  u s in g  th e  m u ta n t tsK (T h is  
th e s i s ) .
F u n c tio n a l  HSV-1 h e lic a s e -p r im a s e  com plex h a s  b e e n  a sse m b le d  in  
v iv o  in  in s e c t  c e lls  b y  t r ip le  in fe c tio n  w ith  t h r e e  re c o m b in a n t 
b a c u lo v i ru s e s  in d iv id u a l ly  e x p re s s in g  th e  UL5, UL8 a n d  UL52 p ro te in s  
(D odson  e t  al., 1989; C a ld e r  a n d  S tow , 1990). D N A -d ep en d en t A TPase, 
D N A -d e p en d e n t G T Pase, DNA h e lic a s e  a n d  DNA p rim a se  a c t iv i t ie s  of th e  
o v e r - e x p r e s s e d  com plex  a r e  id e n t ic a l  to  th o s e  o f com plex s y n th e s i s e d  
in  HSV-1 in fe c te d  c e lls  (D odson  e t  al., 1989). H ow ever, c o - in fe c tio n  
e x p e r im e n ts  h a v e  d e m o n s t ra te d  t h a t  th e  UL8 p ro te in  is  d is p e n s a b le  fo r  
a ll f o u r  e n z y m a tic  a c t iv i t ie s  a n d  t h a t  a  com plex fo rm e d  b e tw e e n  th e  
UL5 a n d  UL52 p r o te in s  is  v i r tu a l ly  in d is t in g u is h a b le  in  i ts  p r o p e r t ie s  
from  th e  com plex  c o n ta in in g  a ll t h r e e  s u b u n i t s  (C a ld e r  a n d  Stow , 1990; 
D odson  a n d  L ehm an , 1991; T h is  T h e s is ) .
S in ce  th e  UL8 p r o te in  is  n o t  r e q u i r e d  fo r  a n y  of th e  know n  
e n z y m a tic  a c t iv i t ie s  o f th e  com plex i t s  ro le  is  r a t h e r  u n c le a r .  I t  is  
p o s s ib le  t h a t  i t  m ay c o n fe r  o th e r  e n z y m a tic  a c t iv i t ie s  to  th e  com plex 
o r  b e  in v o lv e d  in  t r a n s p o r t a t i o n  a n d / o r  s ta b i l i ty  of th e  com plex w ith in  
th e  in f e c te d  ce ll. I n d e e d  in t r a c e l lu la r  lo c a liz a tio n  s tu d ie s  d e s c r ib e d  in  
th is  th e s i s  on  th e  UL5, UL8 a n d  UL52 p r o te in s  o v e r - e x p r e s s e d  in  BHK 
c e lls  s u g g e s t  t h a t  th e  UL8 p r o te in  m u s t b e  p r e s e n t  to  allow  e f f ic ie n t  
e n t r y  o f t h e  UL5 a n d  UL52 s u b u n i t s ,  w h ich  s p e c ify  th e  e n z y m a tic  
a c t iv i t ie s ,  in to  th e  n u c le u s .  T h is  m ay r e f l e c t  a s se m b ly  of th e  h e lic a s e -  
p r im a se  com plex  a s  a  h e te r o t r im e r  in  th e  c y to p la sm  a n d  i ts  
t r a n s p o r t a t i o n  i n ta c t  in to  th e  n u c le u s .
No e n z y m a tic  a c t iv i t ie s  h a v e  b e e n  d e te c te d  f o r  th e  in d iv id u a l  UL5, 
UL8 a n d  UL52 p r o te in s  (C a ld e r  a n d  S tow , 1990; D odson a n d  L ehm an , 
1991). T he  am ino a c id  s e q u e n c e  o f th e  UL5 p r o te in  n e v e r th e le s s  
c o n ta in s  m o tifs  w h ich  a r e  c o n s e rv e d  in  p r o te in s  k n o w n  to  e x h ib i t  DNA 
o r  RNA h e lic a s e  a c t iv i ty  (H odgem an, 1988; G o rb a le n y a  a n d  K oonin, 
1989). H o w ev er, DNA h e lic a s e  a c t iv i ty  is  n o t  a n  in t r in s ic  p r o p e r ty  of 
th e  UL5 p r o te in  (C a ld e r  a n d  Stow , 1990; D odson a n d  L ehm an , 1991). 
T h is  s u g g e s t s  t h a t  th e  UL52 p r o te in  m ay som ehow  f a c i l i ta te  DNA 
h e lic a s e  a c t iv i ty  o f th e  UL5 s u b u n i t .
A DNA p r im a se  a c t iv i ty  r e p o r t e d  to  b e  in d u c e d  in  HSV-1 in fe c te d  
c e lls  b y  Holm es e t  al. (1988) is  a p p a r e n t ly  u n r e la te d  to  t h a t  of th e  
h e l ic a s e - p r im a s e  com plex (C ru te  e t  al., 1989). T h is  a c t iv i ty  is  now 
th o u g h t  to  b e  d u e  to  r e le a s e  of RNA p o ly m e ra se  from  V ero  ce ll 
m ito c h o n d r ia  u p o n  HSV-1 in fe c tio n  (T su ru m i a n d  L ehm an , 1990).
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4. T r a n s -A c tin g  F u n c t io n s  I n d i r e c t ly  In v o lv e d  in  HSV DNA R e p lica tio n
S e v e ra l  g e n e s  c o n tro l lin g  th e  e x p re s s io n  of e s s e n t ia l  DNA 
re p l ic a t io n  p r o te in s  o r  in v o lv e d  in  n u c le o tid e  m etabo lism  can  be  
c o n s id e r e d  a s  h a v in g  f u n c t io n s  in d i r e c t ly  c o n c e rn e d  w ith  HSV DNA 
s y n th e s i s .
Im m e d ia te -e a r ly  p r o te in s  Vm wl75, Vm wllO a n d  Vmw63, d u e  to  th e i r  
ro le  in  e a r ly  g e n e  t r a n s c r ip t i o n ,  a r e  in d ir e c t ly  in v o lv e d  in  th e  
s y n th e s i s  o f v i r a l  DNA. A lth o u g h  th e s e  IE t r a n s a c t iv a to r s  w ere  
e m p lo y e d  b y  Wu e t  al. (1988) in  t r a n s i e n t  a s s a y s  w h ich  id e n t if ie d  th e  
s e v e n  DNA re p l ic a t io n  g e n e s  t h e r e  w as no o b lig a to ry  r e q u i r e m e n t  fo r  
a n y  o n e  o f th em . M o re o v e r, H e ilb ro n n  a n d  Z u r H au sen  (1989) a c h ie v e d  
a m p lif ic a tio n  in  th e  a b s e n c e  o f a ll 3 p r o te in s  b y  a t ta c h in g  th e  s e v e n  
DNA r e p l ic a t io n  g e n e s  to  th e  s t r o n g  HCMV m ajo r  IE  p ro m o te r . T h u s  
n o n e  o f t h e s e  p r o te in s  is  d i r e c t ly  r e q u i r e d  fo r  v i r a l  DNA s y n th e s i s .  I t  
is  i n t e r e s t i n g  to  n o te , h o w e v e r , t h a t  d u r in g  v i r a l  DNA s y n th e s i s  
Vm wl75 lo c a liz e s  to  th e  sam e r e p l ic a t io n  c o m p a rtm e n ts  a s  s e v e ra l  of 
th e  DNA re p l ic a t io n  p r o te in s  (R a n d a ll a n d  D inw oodie, 1986).
T he  HSV-1 th y m id in e  k in a s e ,  f i r s t  d e s c r ib e d  b y  K it a n d  D ubbs 
(1963), p h o s p h o r y la te s  th y m id in e , th y m id y la te  a n d  d e o x y c y tid in e  
(Ja m ie so n  a n d  S u b a k - S h a r p e ,  1974; C hen  a n d  P r u s o f f ,  1978) I t  is  n o n -  
e s s e n t ia l  f o r  v i r a l  g ro w th  in  c u l tu r e d ,  d iv id in g  c e lls  b u t  is  r e q u i r e d  
f o r  g ro w th  in  s e ru m  s ta r v e d  c e lls  in  o r d e r  to  s u p p ly  TTP f o r  DNA 
s y n th e s i s .  I n  g ro w in g  c e lls  TTP is  p r o v id e d  b y  h o s t  p a th w a y s  
(Ja m ie so n  e t  al., 1984). TK h a s  a lso  b e e n  sh o w n  to  b e  n o n - e s s e n t ia l  f o r  
th e  e s ta b l is h m e n t  o f HSV la te n c y  in  m ice a lth o u g h  TK- m u ta n ts  do n o t 
r e a c t iv a te  a s  e f f ic ie n t ly  a s  w t  HSV ( E fs ta th io u  e t  al., 1989). 
P h o s p h o r y la t io n  o f n u c le o s id e  a n a lo g u e s  b y  TK c a n  le a d  to  in h ib i tio n  
o f HSV in fe c t io n  b y  a f f e c t in g  th e  DNA r e p l ic a t iv e  m a c h in e ry  (R app  a n d  
W igdah l, 1983). H e r p e s v i r u s  th y m id in e  k in a s e s  h a v e  r e c e n t ly  b e e n  
sh o w n  to  h a v e  e v o lv e d  from  e u k a ry o t ic  d e o x y c y tid in e  k in a s e  r a t h e r  
t h a n  th y m id in e  k in a s e  (H a rr iso n  e t  al., 1991).
R ib o n u c le o tid e  r e d u c t a s e  (RR) c a ta ly s e s  th e  r e d u c t io n  of 
r ib o n u c le o t id e  d ip h o s p h a te s  to  d e o x y rib o n u c le o s id e  d ip h o s p h a te s  
d u r in g  th e  s y n th e s i s  o f DNA p r e c u r s o r s  (C ohen , 1972; T h e la n d e r  a n d  
R e ic h a rd , 1979; D u tia , 1983). T he v i r u s - e n c o d e d  en zy m e is  com posed  of 
tw o  s u b u n i t s ,  th e  in te r a c t io n  of w h ich  is  e s s e n t ia l  f o r  a c t iv i ty .  T h e se  
a r e  l a r g e  (RRi) a n d  sm all (RR2) s u b u n i t s ,  e n c o d e d  b y  HSV-1 g e n e s  
UL39 a n d  UL40 r e s p e c t iv e ly  (V G P r e s to n  e t  al., 1984; B a c h e tt i  e t  al., 
1984, F ram e  e t  al., 1985; M cL auch lan  a n d  C lem en ts, 1983; M cGeoch e t
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al., 1988b). M u ta n ts  w ith  le s io n s  in  UL40 o r  UL39 e x h ib ite d  g r e a t ly  
r e d u c e d  p a th o g e n ic i ty  in  m ice (C am eron  e t  al., 1988). T he HSV-1 
m u ta n t  £sl207 h a r b o u r s  a le s io n  in  UL39 a n d  fa ils  to  g ro w  in  t is s u e  
c u l tu r e  a t  NPT (V G P r e s to n  e t  al., 1984). In  c o n t r a s t ,  a n  in s e r t io n a l  
m u ta tio n  w ith in  UL39 d o e s  n o t  a f f e c t  v i r a l  g ro w th  in  d iv id in g  ce lls . 
H ow ever, u n d e r  c o n d it io n s  w h e re  in fe c te d  ce lls  w ere  se ru m  s ta r v e d  o r  
in c u b a te d  a t  h ig h  te m p e r a tu r e  (39.5°C) v i r a l  g ro w th  w as s e v e re ly  
co m p ro m ised  a l th o u g h  sm all a m o u n ts  of v i r a l  DNA w e re  s y n th e s i s e d  
(G o ld s te in  a n d  W eller, 1988a; b ) . G row th  of ts l2 0 7  w as a lso  s e v e re ly  
co m p ro m ised  a t  39.5°C b u t  sm all a m o u n ts  of n ew ly  s y n th e s i s e d  v ira l  
DNA w e re  d e te c te d  (G o ld s te in  a n d  W eller, 1988b). T he g ro w th  of v i ra l  
m u ta n ts  w ith  le s io n s  in  RR t h e r e f o r e  a p p e a r s  to  d e p e n d  u p o n  th e  s ta te  
o f th e  in f e c te d  ce ll. H ost p a th w a y s , w h ich  in  d iv id in g  ce lls  a re  
a v a ila b le  f o r  th e  s y n th e s i s  of dN T Ps, m ay b e  u n a v a ila b le  in  n o n ­
d iv id in g  c e lls  o r  b e  r e n d e r e d  in a c t iv e  a t  h ig h  te m p e r a tu r e s  a n d  th e  
v i r a l  e n z y m e  is  t h e r e f o r e  e s s e n t ia l  u n d e r  th e s e  c o n d it io n s . V iral RR 
m ay b e  s im ila r ly  r e q u i r e d  f o r  e f f ic ie n t  r e p l ic a t io n  in  v iv o  in  c e r ta in  
ce ll t y p e s .
D e o x y u r id in e  t r ip h o s p h a ta s e ,  e n c o d e d  b y  HSV-1 g e n e  UL50, 
c a ta ly s e s  c o n v e rs io n  o f dU T P to  dUMP p lu s  p y r o p h o s p h a te  (W ohlrab  
a n d  F r a n c k e ,  1980; P r e s to n  a n d  F is h e r ,  1984). T h is  m ay b e  m ore 
im p o r ta n t  f o r  a llo w in g  m inim al in c o r p o r a t io n  o f dU T P in to  n a s c e n t  DNA 
th a n  f o r  t h e  s u p p ly  of dUMP f o r  th y m id in e  s y n th e s i s .  T he  en zy m e is  
n o t  r e q u i r e d  f o r  v i r a l  g ro w th  in  t i s s u e  c u l tu r e  ( F is h e r  a n d  P r e s to n , 
1986).
H S V -en co d ed  u r a c i l  D N A -g lycosy lase  w as f i r s t  d e s c r ib e d  b y  
C a ra d o n n a  a n d  C h e n g  (1981). I t  is  in v o lv e d  in  DNA r e p a i r ,  re m o v in g  
m is in c o rp o ra te d  u r a c i l ,  is  d is p e n s a b le  f o r  v i r a l  g ro w th  in  t i s s u e
c u l tu r e  a n d  is  e n c o d e d  b y  HSV-1 g e n e  UL2 (W orrad  a n d  C a ra d o n n a ,
1988; M u llaney  e t  al., 1989).
H S V -en co d ed  e x o n u c le a se  w as f i r s t  d e s c r ib e d  b y  K eir a n d  Gold 
(1963) a s  a n  in c r e a s e d  a lk a lin e  n u c le a s e  a c t iv i ty  in d u c e d  in  HSV 
in fe c te d  c e lls . F o llow ing  p u r if ic a t io n , th e  enzy m e w as fo u n d  to  c o n s is t  
o f a  s in g le  p o ly p e p t id e  w h ich  e x h ib i te d  5 '- 3 ' e x o n u c le a se  a c t iv i ty  a s  
w ell a s  a n  e n d o n u c le a s e  a c t iv i ty  (M o rriso n  a n d  K eir, 1968; H offm an a n d  
C h e n g , 1979; S t r o b e l - F id le r  a n d  F ra n c k e , 1980; H offm an, 1981). T he
e n z y m e  is  e n c o d e d  b y  g e n e  UL12 (M cGeoch e t  al., 1986b; D ra p e r  e t  al., 
1986). C o n f lic tin g  s tu d ie s  w ith  t s  m u ta n ts  h a v e  in d ic a te d  th is  en zy m e 
to  b e  e i t h e r  r e q u i r e d  o r  d is p e n s a b le  f o r  v i r a l  g ro w th  a n d  DNA
s y n th e s i s  (M oss e t  al., 1979; F ra n c k e  a n d  G a r re t ,  1982; M oss, 1986).
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M ore r e c e n t  s tu d ie s  (W eller e t  al., 1990) w ith  an  e x o n u c le a se  n u ll 
m u ta n t  c le a r ly  show  t h a t  th e  en zy m e is  e s s e n t ia l  f o r  v i ra l  g ro w th  b u t  
n o t  f o r  th e  s y n th e s i s  of v i r a l  DNA. P o s s ib le  ro le s  s u g g e s te d  fo r  th e  
e x o n u c le a se  in c lu d e  th e  p ro v is io n  of dN TPs fo r  DNA s y n th e s i s ,
c le a v a g e  of c o n c a te m e rs  a n d  a n  in v o lv e m e n t in  re c o m b in a tio n  (W eller e t  
al., 1990). HSV e x o n u c le a se  is  lo c a lis e d  in  r e p l ic a t io n  c o m p a rtm e n ts  
w ith in  th e  ce ll n u c le u s  a t  w h ich  v i r a l  DNA s y n th e s i s  o c c u rs  (V au g h an  
e t  al., 1985). A lka line  e x o n u c le a se  a c t iv i ty  h a s  b e e n  fo u n d  to  co­
p r e c ip i t a te  w ith  HSV DNA p o ly m e ra se  (R a n d a ll a n d  D inw oodie, 1986) a n d  
to  b e  r e d u c e d  in  a m o u n t in  c e lls  in fe c te d  w ith  a  p o i t s  m u ta n t (L it t le r  
e t  al., 1983).
T o p o iso m e ra se  I  n ic k s  a n d  r e jo in s  s in g le  s t r a n d s  of th e  DNA
d u p le x  a c t in g  a s  a  sw iv e l a h e a d  o f a n  a d v a n c in g  r e p l ic a t io n  fo rk .  T h is  
a c t iv i ty  h a s  b e e n  d e te c te d  in  HSV-1 in fe c te d  c e lls  a n d  p u r if ie d  v ir io n s  
(B isw al e t  al., 1983, L e a ry  a n d  F r a n c k e , 1984; M uller e t  al., 1985).
F r a c t io n a t io n  o f p u r i f ie d  v i r io n s  s u g g e s t s  t h a t  th e  a c t iv i ty  m ay be  a 
c o m p o n e n t o f th e  te g u m e n t  o r  e n v e lo p e  (M uller e t  al., 1985). 
T o p o iso m e ra se  I  a c t iv i ty  h a s  a lso  b e e n  r e p o r t e d  to  c o - p u r i f y  w ith  HSV 
DNA p o ly m e ra s e  (B isw al e t  al., 1983). I t  is  n o t  c le a r  w h e th e r  th e  
to p o is o m e ra s e  a c t iv i t ie s  d e s c r ib e d  in  th e s e  p a p e r s  a r e  h o s t  o r  v ira l ly  
e n c o d e d , o r  w h e th e r  th e y  p la y  a n  e s s e n t ia l  ro le  in  v i r a l  DNA 
s y n th e s i s .
P r o te in  K in ase  a c t iv i ty  is  in d u c e d  u p o n  HSV-1 in fe c tio n  of c e lls  in  
t i s s u e  c u l tu r e  (B lue  a n d  S to b b s , 1981). HSV-1 g e n e  US3 h a s  b e e n
sh o w n  to  e n c o d e  a p r o te in  k in a s e  a c t iv i ty  w h ich  is  d is p e n s a b le  fo r  
g ro w th  in  t i s s u e  c u l tu r e  (F ram e  e t  al., 1987; P u r v e s  e t  al., 1987). 
A lth o u g h  th e  s u b s t r a t e s  f o r  th is  en zy m e a r e  u n k n o w n  th e y  m ay 
in c lu d e  p r o te in s  in v o lv e d  d i r e c t ly  o r  in d i r e c t ly  in  th e  r e p l ic a t io n  of 
HSV DNA (e g . POL, UL42 p r o te in ) .  A p r o te in  k in a s e  fu n c t io n  h a s  a lso  
b e e n  p r o p o s e d  f o r  th e  p r o d u c t  o f HSV-1 g e n e  UL13 (S m ith  a n d  Sm ith ,
1989).
A d d itio n a l v i r u s - e n c o d e d  fu n c t io n s  in d i r e c t ly  in v o lv e d  in  
r e p l ic a t io n  o f HSV DNA m ay e x is t , t o g e th e r  w ith  d i r e c t ly  o r  in d i r e c t ly  
in v o lv e d  h o s t  f u n c t io n s .  A ro le  fo r  h o s t  to p o iso m e ra se  I I  a c t iv i ty  
in d u c e d  in  HSV-1 in fe c te d  c e lls  h a s  b e e n  p ro p o s e d  in  th e  r e p l ic a t io n  
of v i r a l  DNA ( E b e r t  e t  al., 1990). O th e r  a c t iv i t ie s  r e la te d  to  th e  
s y n th e s i s  o f DNA a n d  w h ich  a r e  l ik e ly  to  b e  in v o lv e d  in  v i r a l  DNA 
re p l ic a t io n  in c lu d e  a DNA lig a se . T he id e n t if ic a t io n  of h o s t  f u n c t io n s  
e s s e n t ia l  f o r  v i r a l  DNA s y n th e s i s  p r o b a b ly  a w a its  th e  d e v e lo p m e n t of 
a n  o r ig in - d e p e n d e n t  c e l l - f r e e  sy s te m  f o r  HSV-1 DNA re p l ic a t io n .
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ID. MECHANISMS OF DNA REPLICATION
A s im ila r  common s e q u e n c e  of e v e n ts  le a d s  to  in it ia t io n  of o r ig in -  
d e p e n d e n t  DNA s y n th e s i s  in  m any  p r o k a r y o te s  a n d  e u k a ry o te s  
(K o rn b e rg , 1980; A lb e r ts ,  1984).
An in i t ia l  com plex is  fo rm ed  fo llo w in g  s p e c if ic  r e c o g n it io n  a n d  
b in d in g  o f DNA s e q u e n c e  e le m e n ts  w ith in  a n  o r ig in  o f r e p l ic a t io n  b y  
a n  in i t i a to r  p r o te in .  M elting  a n d /o r  b e n d in g  of a sm all r e g io n  of th e  
o r ig in  r e s u l t s  in  a n  o p e n  com plex. T he d u p le x  is  f u r t h e r  u n w o u n d  b y  
a DNA h e lic a s e  to  allow  fo rm a tio n  of a  p r e - p r im in g  com plex w ith in  th e  
r e s u l t i n g  r e p l ic a t io n  b u b b le .  RNA p r im e rs  a r e  th e n  s y n th e s i s e d  a n d  
s u b s e q u e n t ly  e lo n g a te d  a s  n a s c e n t  DNA s t r a n d s  b y  DNA p o ly m e ra se .
As in t r a c e l lu la r  p a r a s i te s ,  v i r u s e s  a r e  d e p e n d e n t  u p o n  th e  h o s t  
ce ll f o r  t h e i r  d e v e lo p m e n t a n d  in  o r d e r  to  r e p l ic a te  t h e i r  DNA th e y  
u s e  e i t h e r  th e  r e p l ic a t iv e  m a c h in e ry  of th e  h o s t  o r  e n c o d e  th e i r  own 
r e p l ic a t io n  p r o te in s .  B a c te r io p h a g e s  M13 a n d  0X174 of E. coli r e ly  
a lm o st c o m p le te ly  on  th e  m a c h in e ry  o f th e  h o s t  ce ll to  r e p l ic a te  
w h e re a s  b a c te r io p h a g e  T4 e n c o d e s  m o st if  n o t  a ll of th e  p ro te in s  
d i r e c t ly  in v o lv e d  in  th e  r e p l ic a t io n  o f i t s  genom e. S im ila rly  in  th e  
m am m alian ce ll, s im ian  v i r u s  40 (SV40) e n c o d e s  o n ly  one  of th e
p r o te in s  r e q u i r e d  f o r  t h e  r e p l ic a t io n  of i t s  genom e a n d  t h u s  r e l ie s  on 
th e  h o s t  m a c h in e ry  w h e re a s  HSV-1 a p p e a r s  l ik e ly  to  e n c o d e  m ost of 
th e  f u n c t io n s  d i r e c t ly  in v o lv e d  in  th e  r e p l ic a t io n  o f v i r a l  DNA. By 
s tu d y in g  th e  r e p l ic a t io n  o f sm all, w ell d e f in e d  v i r a l  ch rom osom es m any 
e v e n ts  in v o lv e d  in  th e  ch rom osom al r e p l ic a t io n  o f t h e i r  b a c te r ia l  a n d  
m am m alian h o s ts  h a v e  b e e n  i llu m in a te d .
P r o te in s  in v o lv e d  in  r e p l ic a t io n  o f th e  E. co li ch rom osom e h a v e  
b e e n  s tu d ie d  m o st e x te n s iv e ly  a n d  h a v e  b e e n  u s e d  to  r e c o n s t i tu te  
s y n th e s i s  o f E. co li  DNA in  v i t r o  (K o rn b e rg , 1980). R e p lic a tio n  o f SV40 
DNA h a s  a lso  b e e n  w ell s tu d ie d  a n d  o r ig in - d e p e n d e n t  DNA s y n th e s i s  
h a s  r e c e n t ly  b e e n  a c h ie v e d  in  v i t r o  u s in g  p u r i f ie d  p r o te in s  (T su rim o to  
e t  ad., 1990; W e in b e rg  e t  ad., 1990). B iochem ical a n d  fu n c t io n a l  
c h a r a c te r iz a t io n  o f th e s e  p r o te in s  h a s  id e n t if ie d  t h e i r  s p e c if ic  r o le s  in  
DNA s y n th e s i s ,  som e of w h ich  a r e  d e s c r ib e d  b r ie f ly  in  th e  fo llow ing  
s e c t io n s .
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1. O rig in  R e c o g n itio n  a n d  I n i t ia l  S e p a ra t io n  o f DNA S tr a n d s
DNA S y n th e s i s  I n i t i a to r  P ro te in s
R e p lic a tio n  of th e  E. co li ch rom osom e is  in i t ia te d  a t  a u n iq u e  s ite  
te rm e d  oriC  w h ich  in c lu d e s  a ll th e  n e c e s s a r y  c is - a c t in g  s e q u e n c e s  
w ith in  a 245bp  c o re  r e g io n  a n d  is  h ig h ly  c o n s e rv e d  am o n g s t 
E n te ro b ac te rijfceae  (O ka e t  a l ., 1980; Z y sk in d  e t  al., 1983). M u ta tiona l 
a n a ly s e s  h a v e  r e v e a le d  tw o ty p e s  of s e q u e n c e  e le m en t w ith in  oriC 
w h ic h  h a v e  e s s e n t ia l  r o le s  in  th e  in it ia t io n  of DNA s y n th e s i s ,  nam ely  
f o u r  9 b p  ta n d e m  r e p e a t s  to w a rd s  th e  r i g h t  e n d  a n d  t h r e e  13bp A-T 
r ic h  ta n d e m  r e p e a t s  a t  th e  le f t  e n d  of oriC  ( F ig u re  6a; Oka e t  al.,
1984).
T he n o n a m e r e le m e n ts  a r e  r e c o g n is e d  a n d  c o -o p e ra t iv e ly  b o u n d  b y  
E. co li i n i t i a to r  p r o te in ,  dnaA  a n d  a r e  th e r e f o r e  te rm e d  'dnaA  b o x es ' 
(F u lle r  e t  al., 1984; K a g u n i a n d  K o rn b e rg , 1984). E le c tro n  m ic ro sco p y  
a n d  DNase I  f o o tp r in t in g  s tu d ie s  h a v e  d e m o n s tra te d  th e  fo rm a tio n  of 
a n  in i t ia l  d n a A -o riC  com plex w h e re  th e  n e g a t iv e ly  s u p e r  co iled  oriC 
e le m e n t is  w r a p p e d  a r o u n d  a  c e n t r a l  c o re  of 20-40 dnaA  p ro te in
m onom ers (F u lle r  a n d  K o rn b e rg , 1983; F u n n e ll  e t  al., 1987). 
S u p e rc o i l in g  of orJC is  a  r e q u i r e m e n t  fo r  in it ia t io n  of r e p l ic a t io n  
(F u n n e ll  e t  al., 1986) a n d  c o n fe r s  in c r e a s e d  a f f in i ty  f o r  dnaA  p ro te in  
( F u lle r  a n d  K o rn b e rg , 1983). F o llow ing  re c o g n i t io n  b y  dnaA  p ro te in ,  
th e  1 3m ers  a r e  m e lte d  s e q u e n t ia l ly  to  fo rm  th e  o p e n  com plex. T h is  
p r o c e s s  r e q u i r e s  h y d r o ly s i s  o f ATP to  ADP b y  dnaA  p r o te in  a l th o u g h
dATP o r  CTP m ay s e r v e  a s  s u b s t i t u t e  s u b s t r a t e s  (B ram hill a n d
K o rn b e rg , 1988a; b ) . F o rm a tio n  o f th e  o p e n  com plex is  s t im u la te d  b y
HU h is to n e - l ik e  p r o te in  (Dixon a n d  K o rn b e rg , 1983; O gaw a e t  al., 1985). 
S u b s e q u e n t ly  d n aB -C  p r o te in  com plex is  d i r e c te d  in to  th e  m elted  
r e g io n  b y  dnaA  p r o te in  to  b id ir e c t io n a l ly  e x te n d  th e  r e p l ic a t io n  b u b b le  
a n d  f a c i l i ta te  fo rm a tio n  o f a  p r e - p r im in g  com plex.
R e p lic a tio n  o f th e  SV40 genom e is  a lso  in i t ia te d  a t  a  s in g le  o r ig in  
a n d  p r o c e e d s  b id ir e c t io n a l ly .  T he v i r a l  genom e c o m p rise s  5.2 k b p  of 
c i r c u la r ,  d o u b le - s t r a n d e d  DNA w h ich  is  com plexed  w ith  h is to n e s  to  
fo rm  a  m in ich rom osom e e s s e n t ia l ly  in d is t in g u is h a b le  in  s t r u c t u r e  from  
h o s t  c h ro m a tin . T he o n ly  v ira l ly  e n c o d e d  g e n e  p r o d u c t  r e q u i r e d  fo r  
SV40 o r ig in - d e p e n d e n t  r e p l ic a t io n  is  T A n tig e n ; a  m u ltifu n c tio n a l 
p h o s p h o p ro te in  o f Mr  82,000. SV40 t h e r e f o r e  d e p e n d s  u p o n  th e  h o s t  
ce ll r e p l ic a t iv e  m a c h in e ry  fo r  s y n th e s i s  o f i t s  genom e (T e g tm e y e r , 
1972, S tillm an , 1989).
T he  SV40 o r ig in  c o m p rise s  a  6 4bp  c o re  r e g io n  c o n ta in in g  a ll
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13mers 9 m ers 
d naA  boxes
CORE ORIGIN
early  c en tra l AT-rich
palindrom e m otifs dom ain
<------------- CORE ORIGIN---------- ►
F ig u re  6 . O rg a n iz a t io n  o f  O r ig in s  o f  R e p l ic a t io n  i n  E . c o l i  and  SV40 
M inim al o r i g i n  se q u e n c e s  a r e  i n d ic a te d  by th e  l a r g e ,  s o l i d  a rro w s .
( a ) F .  c o l i  oriC  c o n ta in s  t h r e e  13 mer e le m e n ts  (L, M and R ), shown a s  
open a rro w s , w i th in  an  A T -ric h  r e g io n .  H atched  boxes r e p r e s e n t  9mer 
m o ti f s  w hich a r e  bound by dnaA p r o t e i n .
(b )T he SV40 c o re  o r i g i n  c o n ta in s  t h r e e  dom ains a s  i n d ic a te d .  T a n t ig e n  
b in d in g  s i t e s  (GAGGC m o ti f s )  a r e  i n d ic a te d  by th e  s m a ll ,  s o l i d  a rro w s 
w i th in  th e  c e n t r a l  dom ain and a l s o  to  th e  l e f t  o f  th e  e a r l y  
p a lin d ro m e .
M i n i m a l  o r i g i n s  a r e  s c h e m a t i c a l l y  r e p r e s e n t e d .  E c o l i  oriC  a n d  SV40  
c o r e  o r i g i n  c o m p r i s e  2 4 5  b p  a n d  6 4  b p  r e s p e c t i v e l y .
n e c e s s a r y  c is - a c t in g  e le m e n ts  r e q u i r e d  fo r  th e  r e p l ic a t io n  of v i ra l  DNA 
in  v i t r o  (F ig u r e  6b ; Deb e t  al., 1986a; S tillm an  e t  al., 1985; Li e t  al., 
1986; Sm ale a n d  T jia n , 1986; D ean e t  al., 1987a). G enetic  a n d  m u ta tio n a l 
a n a ly s e s  h a v e  id e n t if ie d  t h r e e  fu n c t io n a l ly  d i s t in c t  dom ains w ith in  th e  
c o re  o r ig in . T he r e la t iv e  s p a c in g  of th e s e  dom ains a s  w ell a s  t h e i r  
s e q u e n c e  is  c r i t ic a l  to  t h e i r  f u n c t io n  (D eb e t  al., 1986a). T he c e n tr a l  
dom ain  of th e  c o re  c o n ta in s  f o u r  c o p ie s  of th e  m otif 5 ' G A G G C 3 '  
a r r a n g e d  w ith in  a 27bp  in v e r t e d  r e p e a t .  T h e se  m o tifs  a r e  r e c o g n is e d  
b y  T a n t ig e n  a n d  e a c h  is  b o u n d  b y  a s in g le  T a n t ig e n  m onom er (T jia n , 
1978; D eL ucia  e t  al., 1983; M a s tra n g e lo  e t  al., 1985). F la n k in g  th e  
c e n t r a l  dom ain  a r e  a n  im p e r fe c t  p a lin d ro m ic  re g io n , te rm e d  th e  e a r ly  
p a lin d ro m e , a n d  a  17bp  A T -r ic h  dom ain . A d d itio n a l f la n k in g  s e q u e n c e s  
in c lu d e  a n  a d d it io n a l  T a n t ig e n  b in d in g  s i te  w h ich  in c r e a s e s  th e  
e f f ic ie n c y  o f r e p l ic a t io n  a p p ro x im a te ly  2 - fo ld  b o th  in  v iv o  a n d  in  v i tr o  
(S tillm an  e t  al., 1985; D eL ucia e t  al., 1986; Li e t  al., 1986). A d ja c e n t 
c i^ - a c t in g  t r a n s c r ip t i o n a l  e n h a n c e r  e le m e n ts  a n d  s e q u e n c e s  r e c o g n is e d  
b y  c e l lu la r  t r a n s c r i p t i o n  f a c to r s  appear tn X e f f e c t  on  re p l ic a t io n  in  v itro . 
H o w ev er, a l th o u g h  t r a n s c r i p t i o n  p e r  s e  is  n o t  r e q u i r e d  in  v ivo , 
e f f ic ie n c y  o f in i t ia t io n  m ay b e  in c r e a s e d  b y  p e r t u r b in g  local c h ro m a tin  
s t r u c t u r e  (S tillm an  e t  al., 1985; Li e t  al., 1986; Sm ale a n d  T jia n , 1986; 
D eP am p h illis , 1988). T a n t ig e n  f u n c t io n s  a s  a n  in i t ia to r  p r o te in  a n d  a 
DNA h e lic a s e  in  th e  r e p l ic a t io n  o f SV40 DNA
(S ta h l e t  al., 1986). In  th e  p r e s e n c e  of ATP, 
T a n t ig e n  b in d s  th e  c e n t r a l  p e n ta m e r  m o tifs  to  fo rm  a m u ltim eric  
s t r u c t u r e  in  w h ic h  12 T a n t ig e n  m onom ers s u r r o u n d  th e  e n t i r e  c o re  
r e g io n  a s  a  d o u b le  h e x a m e r (D ean e t  al., 1987c; Deb a n d  T e g tm e y e r, 
1987; B orow iec  a n d  H u rw itz , 1988; M a s tra n g e lo  e t  al., 1989). Local 
m e ltin g  o f th e  p a lin d ro m ic  r e g io n  a n d  d e fo rm a tio n  o f th e  A T -ric h  
dom ain  th e n  fo llow s. T he A T -r ic h  dom ain  h a s  b e e n  p ro p o s e d  a s  a 
c e n t r e  f o r  DNA b e n d in g ,  i t s  s e q u e n c e  b e in g  c r i t ic a l  to  i t s  c o n fo rm a tio n  
(D eb e t  al., 1986b), a n d  in  a d d it io n , t h i s  dom ain  h a s  b e e n  sh o w n  to  
u n d e r g o  s t r u c t u r a l  a l t e r a t io n s  fo llow ing  s e q u e n c e  s p e c if ic  b in d in g  o f T 
a n t ig e n  to  s-QAGGCS'motifs (B orow iec a n d  H u rw itz , 1988). C e llu la r  
p r o te in s  h a v e  b e e n  r e p o r t e d  to  b in d  th e  e a r ly  p a lin d ro m e  a n d  th e  AT- 
r ic h  r e g io n  a n d  c o n fo rm a tio n a l c h a n g e s  h a v e  b e e n  d e m o n s tra te d  w ith in  
th e  A T -r ic h  dom ain . H ow ever, r o le s  f o r  th e s e  p r o te in s  in  th e  
r e p l ic a t io n  o f SV40 DNA, if  a n y , h a v e  n o t  b e e n  e s ta b l is h e d  (B a u r  a n d  
K n ip p e rs , 1988; B orow iec a n d  H u rw itz , 1988; T r a u t  a n d  F a n n in g , 1988; 
F a n n in g  e t  al., 1988). In  th e  p r e s e n c e  o f ATP, s in g l e - s t r a n d e d  DNA- 
b in d in g  a n d  to p o is o m e ra s e  a c t iv i t ie s ,  T a n t ig e n  m ay th e n  b e  lo a d e d
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in to  th e  o p e n  com plex a n d  i t s  DNA h e lic a s e  a c t iv i ty  a c t iv a te d  fo r  
b id ir e c t io n a l  u n w in d in g .
2. E x te n d in g  t h e  R e p lic a tio n  B u b b le  a n d  P rim in g  o f N a sc e n t DNA 
S t r a n d s
(a )  D N A -S tran d  U n w in d in g  b y  DNA h e lic a s e
U n w in d in g  o f d u p le x  DNA is  a  p r e r e q u is i te  fo r  DNA s y n th e s i s .  
F o llow ing  in i t ia l  s t r a n d  s e p a r a t io n  DNA h e lic a s e s  e x te n d  th e  r e p l ic a t io n  
b u b b le  in  a n  e n e r g y - d e p e n d e n t  r e a c t io n  w h e re  h y d r o ly s is  o f 5' 
n u c le o s id e  t r i p h o s p h a te  is  c o u p le d  to  e n z y m a tic  u n w in d in g  of d u p le x  
DNA. DNA s t r a n d  u n w in d in g  a t  a n  o r ig in  o f r e p l ic a t io n  o r  a t  an  
a d v a n c in g  r e p l ic a t io n  f o r k  m ay b e  m e d ia te d  b y  d i s t i n c t  h e lic a s e s  o r  a 
s in g le  e n z y m e  (G e id e r  a n d  H o ffm a n -B e rlin g , 1981). D isp lacem en t of th e  
s t r a n d s  p r o v id e s  a  te m p la te  fo r  DNA p rim a se  to  s y n th e s iz e  RNA 
p r im e rs  w h ic h  c a n  s u b s e q u e n t ly  b e  e lo n g a te d  b y  DNA p o ly m e ra se .
T h e  E. co li ch rom osom e e n c o d e s  a t  l e a s t  e ig h t  DNA h e lic a s e s , ea ch  
o f w h ic h  h a s  a  s p e c ia liz e d  ro le  in  DNA re p l ic a t io n , r e p a i r  o r  
r e c o m b in a t io n . At l e a s t  t h r e e  DNA h e lic a s e s ,  nam ely  R ep, dnaB  a n d  n ' 
p r o te in s  a r e  p r e s e n t  a t  th e  E. co li r e p l ic a t io n  fo rk .  DnaB is  r e g a r d e d  
a s  t h e  p r in c ip a l  r e p l ic a t iv e  h e lic a s e  in v o lv e d  in  p ro p a g a t io n  of th e  
f o r k  ( re v ie w e d  b y  M atson  a n d  K a is e r -R o g e rs , 1990). DnaB a n d  n 1 
p r o te in  a r e  c o m p o n e n ts  o f th e  E. co li p rim osom e, lo c a te d  on th e  
la g g in g  s t r a n d  te m p la te  (K o rn b e rg , 1988).
A com plex  o f d n a B -d n a C  p r o te in s  is  d i r e c te d  in to  th e  o p e n  com plex 
b y  dnaA  p r o te in  fo llo w in g  s e p a r a t io n  o f th e  DNA s t r a n d s  a t  oriC. T he 
DNA h e lic a s e  a c t iv i ty  o f dnaB  p r o te in  t h e n  u n w in d s  d u p le x  DNA in
b o th  d i r e c t io n s  (B ram h ill a n d  K o rn b e rg , 1988a; b ) . U n w in d in g  o f p a r t ia l
d u p le x  DNA s u b s t r a t e s  b y  dnaB  h e lic a s e  is  d e p e n d e n t  u p o n  th e  
p r e s e n c e  a  31 s in g l e - s t r a n d e d  ta i l  on  th e  f r a g m e n t  to  b e  d is p la c e d  a n d  
c a n  b e  s t im u la te d  e i t h e r  b y  E. co li s in g l e - s t r a n d e d  D N A -bind ing  
p r o te in  (SSB ) o r  b y  SSB a n d  dnaG  p r im a se  (LeB ow itz a n d  M cM acken,
1986). T h is  s u g g e s t s  a  5 '- 3 ' p o la r i ty  in  a c t iv i ty ,  co m p a tib le  w ith
a d v a n c e m e n t  of th e  prim osom e a t  th e  r e p l ic a t io n  f o rk .  T h e se  
o b s e r v a t io n s  s u g g e s t  t h a t  in  a d d it io n  to  u n w in d in g  oriC , dnaB  is
a c t iv e  a t  th e  r e p l ic a t io n  f o rk  a n d  t r a n s lo c a te s  a lo n g  th e  la g g in g  
s t r a n d ,  d is p la c in g  s t r a n d s  w h ich  a r e  s u b s e q u e n t ly  m a in ta in e d  in  an  
e x te n d e d  c o n fo rm a tio n , p re s u m a b ly  b y  SSB.
E. co li n 1 p r o te in  is  a lso  a DNA h e lic a s e  b u t  a c ts  in  a 3 '—5* 
d i r e c t io n ,  o p p o s in g  m ovem en t o f th e  p rim osom e. A c tiv ity  is  d e p e n d e n t
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u p o n  th e  p r e s e n c e  of SSB (Lee a n d  M arian s , 1987). H elicase  a c tiv i t ie s  
of d n aB  a n d  n 1 p r o te in s  h a v e  b e e n  p ro p o s e d  to  be  c o u p le d  a t  th e  
r e p l ic a t io n  f o r k  w ith  n ' p ro te in  a c t in g  a s  a  'DNA t r a n s lo c a s e ',  p u m p in g  
DNA th r o u g h  th e  com plex of r e p l ic a t io n  p ro te in s  to  a id  o v e ra ll  
m o v em en t of th e  p rim osom e a n d  e x te n d in g  th e  te m p la te  DNA in to  a 
c o n f ig u r a t io n  s u i ta b le  fo r  c o p y in g  b y  DNA p o ly m e ra se  (M atson  a n d  
K a is e r -R o g e rs , 1990).
T he E. co li R ep p r o te in  a lso  h a s  DNA h e lic a se  a c t iv i ty  w ith  3 '-5 ' 
p o la r i ty ,  a g a in  d e p e n d e n t  u p o n  SSB. T he p r o te in  is  p ro p o s e d  to  b in d  
to  th e  le a d in g  s t r a n d  a n d  a s s i s t  d n aB  p r o te in  in  u n w in d in g  d u p le x  
DNA a h e a d  o f th e  a d v a n c in g  r e p l ic a t io n  f o r k  (Y a r ra n to n  a n d  G e fte r , 
1979). In  a d d it io n  to  Rep p r o te in ,  E. co li DNA h e lic a s e  II  m ay a lso  be  
in v o lv e d  in  t h i s  u n w in d in g  (K o rn b e rg , 1988).
I n  t h e  r e p l ic a t io n  of SV40 DNA, T a n t ig e n ,  in  a d d it io n  to  i t s  ro le  
in  o r ig in  r e c o g n i t io n  a n d  in it ia l  s t r a n d  s e p a r a t io n ,  h a s  b e e n  sh o w n  to  
a c t  a s  a  DNA h e lic a s e  (S ta h l  e t  a l  1986) a n d  a s  s u c h  is  a lso  in v o lv e d  
in  p r o g r e s s io n  o f th e  SV40 r e p l ic a t io n  f o r k  (H u rw itz  e t  al., 1990).
OBP of HSV-1 a lso  e x h ib i ts  DNA h e lic a s e  a c t iv i ty  ( B ru c k n e r  e t  al., 
1991; T h is  T h e s is ) .  H ow ever, th e  r e la t io n s h ip  of th is  a c t iv i ty  to  th e  
m ech an ism  of HSV-1 DNA s y n th e s i s  a w a its  f u r t h e r  s tu d y .  DNA h e lic a se  
a c t iv i ty  o f th e  HSV-1 h e l ic a s e -p r im a s e  com plex r e q u i r e s  th e  p re s e n c e  
of a  3' s in g l e - s t r a n d e d  ta i l  on  th e  f r a g m e n t  to  b e  d is p la c e d  from  a 
p a r t i a l  d u p le x  s u b s t r a t e  (C ru te  e t  al., 1988) s u g g e s t in g  5 '—3' 
t r a n s lo c a t io n  a lo n g  th e  la g g in g  s t r a n d  te m p la te  a t  th e  a d v a n c in g  HSV- 
1 r e p l ic a t io n  f o rk .
(b )  P rim ing o f N a scen t DNA S tra n d s
N a s c e n t DNA s t r a n d s  a r e  m ost com m only in i t ia te d  b y  a n  RNA 
p r im e r ,  g e n e ra l ly  4 -12  n u c le o t id e s  in  l e n g th ,  w h ich  is  u s u a lly  
s y n th e s iz e d  s p e c if ic a lly  b y  a DNA p rim a se  (K o rn b e rg , 1988). 
D e o x y r ib o n u c le o tid e s  m ay a lso  b e  a c c e p te d  in to  s y n th e s i s  o f a  p r im e r  
b y  som e p r im a s e s . A lte rn a tiv e ly , a n  RNA p o ly m e ra se  t r a n s c r i p t  m ay 
s e r v e  a s  a  p r im e r  fo r  DNA s y n th e s i s .  I n d e e d  RNA p o ly m e ra se  
t r a n s c r i p t i o n  is  e s s e n t ia l  f o r  p r im in g  DNA s y n th e s i s  in i t ia te d  a t  
p r im a ry  o r ig in s  of r e p l ic a t io n  of b a c te r io p h a g e  T4 (M osig, 1987). T he 
le a d in g  s t r a n d  s h o u ld  r e q u i r e  p r im in g  o n ly  o n ce , a t  th e  in it ia t io n  of 
i t s  s y n th e s i s  w h e re a s  th e  la g g in g  s t r a n d  will r e q u i r e  m u ltip le  p r im in g . 
O nce s y n th e s iz e d ,  p r im e rs  a r e  e lo n g a te d  b y  DNA p o ly m e ra se .
A d i s t i n c t  m echan ism  of p r im in g  DNA s y n th e s i s  w h ich  d o e s  n o t  
in v o lv e  s y n th e s i s  o f an  RNA p r im e r  is  em p lo y ed  b y  a d e n o v ir u s .
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C y to s in e  r e s id u e s  a t  th e  5 ’ e n d s  of th e  l in e a r  v i ra l  genom e a re  
c o v a le n tly  l in k e d  to  a d e n o v ir u s  te rm in a l p ro te in .  D u rin g  in it ia t io n  of 
r e p l ic a t io n  th e  v i r a l  DNA p o ly m e ra se  c o v a le n tly  b o n d s  dCMP (d e r iv e d  
from  dC T P) to  te rm in a l p r o te in  in  a te m p la te  - d e p e n d e n t  re a c tio n . 
S u b s e q u e n t^  th e  3' OH of th e  p r o te in  b o u n d  C r e s id u e  a c ts  a s  a p r im e r  
fo r  u n id ir e c t io n a l  e x te n s io n  b y  DNA p o ly m e ra se  a s  th e  te m p la te  s t r a n d  
is  c o p ie d . S y n th e s i s  of e a c h  s t r a n d  of th e  v i r a l  genom e is  th e r e f o r e  
in i t ia te d  a n d  p ro c e e d s  s e p a r a te ly  from  o p p o s ite  te rm in i (N ag a ta  e t  aL, 
1983a;b ). A s im ila r  m ech an ism  is  a lso  u s e d  b y  b a c te r io p h a g e  029 of B. 
s u b ti l l i s .
I n  SV40, th e  p o s it io n s  of p r im e rs  s y n th e s iz e d  d u r in g  DNA 
r e p l ic a t io n  h a v e  b e e n  m ap p e d  a n d  th i s  h a s  a llow ed  th e  p re c is e  
d e f in i t io n  of s y n th e t ic  e v e n ts  o c c u r in g  a t  th e  v i r a l  o r ig in  of 
r e p l ic a t io n  (H ay a n d  D eP am ph ilis , 1982). F o llow ing  o p e n in g  of th e  
o r ig in ,  s y n th e s i s  of th e  le a d in g  s t r a n d s  is  p r im e d  in  o p p o s in g  
d i r e c t io n s .  B id ire c tio n a l  m o v e m e n t o f th e  r e p l ic a t io n  f o rk s  e x p o se s  th e  
la g g in g  s t r a n d  te m p la te s  a n d  O k azak i f r a g m e n ts  a re  p rim e d  a n d  
e x te n d e d  to w a rd s  th e  o r ig in . T he o r ig in  of r e p l ic a t io n  th e r e f o r e  
c o r r e s p o n d s  to  a t r a n s i t io n  p o in t  b e tw e e n  c o n tin u o u s  a n d
Sju v'JhRA
d isc o n tin u o u s )^  o f e a c h  o f th e  tw o d a u g h te r  s t r a n d s .
(c )  C o u p lin g  o f DNA P r im a s e  w ith  O th e r  E n z y m atic  A c tiv itie s
DNA h e lic a s e  a n d  DNA p r im a se  a c t iv i t ie s  a r e  f r e q u e n t ly  c o u p le d  in  
p r o k a r y o te s  (M atson  a n d  K a is e r -R o g e rs , 1990). T he E. co li p rim osom e 
c o m p r is e s  a  m u l t i - s u b u n i t  com plex  o f r e p l ic a t io n  p r o te in s ,  in c lu d in g  
d n aB  a n d  n 1 p r o te in s  a n d  dnaG  p r im a se , w h ich  a s se m b le s  a t  s p e c if ic  
s i t e s  on  s in g l e - s t r a n d e d  DNA (F ig u r e  7). A ro le  h a s  b e e n  p ro p o s e d  fo r  
th e  n 1 p r o te in  in  d i r e c t in g  p rim osom e a s se m b ly  a t  th e s e  s i t e s  (A b a rz u a  
e t  aL, 1984; S o e lle r  e t  aL, 1984). I n  a d d it io n  to  i t s  DNA h e lic a se  
fu n c t io n ,  d n aB  p r o te in  m ay d i r e c t  E. co li dnaG  p r im a se  to w a rd s  th e  
r e p l ic a t io n  f o r k  f o r  s y n th e s i s  o f RNA p r im e rs  (B a k e r  e t  al., 1986;
1987).
DNA h e lic a s e  a n d  DNA p rim a se  a c t iv i t ie s  a r e  a lso  c o u p le d  in  
b a c te r io p h a g e s  T4 a n d  T7. D uplex DNA a t  th e  T4 r e p l ic a t io n  f o rk  is  
u n w o u n d  in  a n  e n e r g y  d e p e n d e n t  r e a c t io n  b y  g e n e  41 h e lic a s e  m ov ing  
5*—3' a lo n g  th e  la g g in g  s t r a n d  te m p la te  (L iu  a n d  A lb e r ts ,  1981, 
V e n k a te s a n  e t  al., 1982). In  a d d it io n  to  i t s  fu n c t io n  a s  a DNA h e lic a s e , 
g e n e  41 p r o te in  com plexes w ith  g e n e  61 p r o te in  to  fo rm  th e  T4 
p rim osom e. In  th e  a b s e n c e  of g e n e  41 h e lic a s e , p r im e r  s y n th e s i s  b y  
g e n e  61 p r im a se  is  g r e a t ly  r e d u c e d  a n d  th o s e  p r im e rs  w h ich  a r e
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S T R A N D
F ig u re  7 . The E. c o l i  DNA R e p l ic a t io n  F o rk
The sc h e m a tic  d iag ram  shows enzymes in v o lv e d  in  DNA s y n th e s i s  
i n i t i a t e d  from  E. c o l i  o riC . R e p l ic a t io n  i s  c o n tin u o u s  f o r  one s t r a n d  
( le a d in g )  and d is c o n t in u o u s  f o r  th e  o th e r  ( la g g in g )  ( re p ro d u c e d  from  
K o rn b erg , 1 9 8 2 ).
s y n th e s iz e d  fa il to  b e  e lo n g a te d . H ence , b o th  g e n e  41 a n d  g e n e  61 
p r o te in s  a r e  r e q u i r e d  fo r  fu n c t io n a l  p r im e r  s y n th e s i s  (N ossal a n d  
A lb e r ts ,  1983).
In  b a c te r io p h a g e  T7, DNA h e lic a s e  a n d  DNA p rim a se  a c t iv i t ie s  a re  
p r o p e r t ie s  o f a  s in g le  p o ly p e p tid e , nam ely  g e n e  4 p r o te in  (G4P). Two 
fo rm s  of t h i s  p r o te in  e x is t , of Mr  56,000 a n d  63,000. B oth  com plex w ith  
T7 DNA p o ly m e ra se , th e  sm a lle r  fo rm  a c t in g  a s  a p ro c e s s iv e  DNA 
h e lic a s e  in  a 5 '-3 ' d i r e c t io n  a n d  s t im u la tin g  s y n th e s i s  of RNA p r im e rs  
b y  th e  l a r g e r  fo rm  (N akai a n d  R ic h a rd s o n , 1988; B e rn s te in  a n d  
R ic h a rd s o n , 1988a;b;1989).
C o u p lin g  o f DNA h e lic a s e  a n d  DNA p r im a se  a c t iv i t ie s  in  p r o k a r y o te s  
a p p e a r s  s t r i k in g  a n d  e n s u r e s  c o -o r d in a te d  s y n th e s i s  of le a d in g  a n d  
la g g in g  s t r a n d s .  R e s u lts  p r e s e n t e d  in  t h i s  t h e s i s  a n d  r e p o r te d  
r e c e n t ly  (C a ld e r  a n d  S tow , 1990; D odson  a n d  L ehm an , 1991) s u g g e s t  
t h a t  t h i s  p h e n o m e n o n  e x is ts  in  HSV-1. W h e th e r  i t  e x te n d s  to  in c lu d e  
o th e r  e u k a r y o te s  a w a its  th e  iso la tio n  o f th o s e  e n z y m e s . T he r e p l ic a t io n  
of SV40 DNA in  v i t r o  r e q u i r e s  m am m alian DNA p o ly m e ra se  a  f o r  la g g in g  
s t r a n d  s y n th e s i s .  POL a , w h ich  is  n o t  h ig h ly  p ro c e s s iv e ,  is  a s s o c ia te d  
w ith  a  DNA p r im a se  a c t iv i ty .  T h is  c o u p lin g  c o -o r d in a te s  p r im a se  a n d  
p o ly m e ra s e  f u n c t io n s .
3. E lo n g a tio n  o f N a s c e n t DNA S t r a n d s
(a )  DNA P o ly m e ra se s
E. co li
O nce s y n th e s iz e d ,  RNA p r im e rs  a r e  s u b s e q u e n t ly  e lo n g a te d  b y  DNA 
p o ly m e ra s e . E lo n g a tio n  o f b o th  le a d in g  a n d  la g g in g  s t r a n d s  in i t ia te d  a t  
oriC in  v i t r o  r e q u i r e s  m ore th a n  20 E. co li p r o te in s .  RNA p r im e rs  
s y n th e s i s e d  b y  th e  p r im a se  s u b u n i t  o f th e  p rim osom e a r e  e lo n g a te d  
in to  n a s c e n t  DNA s t r a n d s  b y  DNA p o ly m e ra se  I I I  ho lo en zy m e, 
c o n tin u o u s ly  on  th e  le a d in g  s t r a n d  te m p la te  a n d  d is c o n t in u o u s ly  on 
th e  la g g in g  s t r a n d  te m p la te . R e p lic a tio n  of b o th  s t r a n d s  h a s  b e e n  
p r o p o s e d  to  b e  c a r r ie d  o u t  s im u lta n e o u s ly  b y  a re p liso m e  w h ich  
in c lu d e s  a  s in g le  d im e ric  DNA p o ly m e ra se  a s s o c ia te d  w ith  th e  
p rim osom e a n d  o n e  o r  m ore h e lic a s e s  (K o rn b e rg , 1980; 1982; 1988; 
F ig u r e  8). In  a  sch em e of c o n c u r r e n t  r e p l ic a t io n , le a d in g  s t r a n d  
s y n th e s i s  m u s t a lw a y s  b e  a h e a d  of t h a t  o f th e  la g g in g  s t r a n d .  L o op ing  
th e  la g g in g  s t r a n d  te m p la te  180° ( p e r h a p s  a ro u n d  a DNA p o ly m e ra se  
m o lecu le ) a c h ie v e s  3 '- 5 ' o r ie n ta t io n  o f b o th  s t r a n d s  a t  th e  r e p l ic a t io n  
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F ig u re  8 . C oncurrent R e p lic a t io n  o f  Leading and Lagging Strands  
in  E. c o l i
The f ig u r e  r e p r e s e n t s  a  scheme f o r  c o n c u r re n t  r e p l i c a t i o n  o f  b o th  
te m p la te  s t r a n d s  by a  d im e r ic  p o ly m erase  a s s o c i a te d  w ith  p rim a se  and 
h e l i c a s e  a c t i v i t i e s  ( re p ro d u c e d  from  K o m b erg , 1 9 8 2 ). N ote t h a t  
lo o p in g  o f  th e  la g g in g  s t r a n d  a llo w s  s y n th e s i s  o f  b o th  n a s c e n t  s t r a n d s  
t o  o c c u r r  i n  th e  same d i r e c t i o n  a s  th e  a d v a n c in g  r e p l i c a t i o n  f o r k .
DNA p o ly m e ra se  u n t i l  s y n th e s i s  a p p ro a c h e s  th e  5' e n d  of th e  p re v io u s  
O k azak i f r a g m e n t  (a p p ro x im a te ly  1000 n u c le o t id e s )  a f t e r  w h ich  th e  
te m p la te  s t r a n d  is  r e le a s e d  a n d  u n lo o p e d . C o n tin u ed  s y n th e s i s  of th e  
le a d in g  s t r a n d  h a s  m eanw hile  g e n e r a te d  a f r e s h  te m p la te  fo r  s y n th e s i s  
of th e  n e x t  O k azak i f r a g m e n t  on th e  la g g in g  s t r a n d .  M ovem ent of th e  
prim osom e c a n  th e r e f o r e  o c c u r  in  th e  sam e d i re c tio n  a s  e lo n g a tio n  of 
th e  le a d in g  s t r a n d  a llo w in g  c o n c u r r e n t  le a d in g  a n d  la g g in g  s t r a n d  
s y n th e s i s  a n d  c o -o r d in a t io n  of p o ly m e ra se  a n d  p rim osom e fu n c t io n s .
SV40
T he d e v e lo p m e n t of a  c e l l - f r e e  s y s te m  fo r  SV40 o r ig in - d e p e n d e n t  
DNA re p l ic a t io n  d e m o n s t r a te d  th e  a b s o lu te  r e q u i r e m e n t  fo r  T a n t ig e n  
(L i a n d  K elly , 1984; 1985; S tillm an  a n d  G luzm an, 1985; W obbe e t  al.,
1985). F ra c t io n a t io n  a n d  p u r if ic a t io n  o f m am m alian ce ll e x t r a c t s  h a s  
now  id e n t i f ie d  s e v e n  c e llu la r  f a c to r s  w h ic h , t o g e th e r  w ith  T a n tig e n , 
a r e  n e c e s s a r y  a n d  s u f f ic ie n t  f o r  th e  r e c o n s t i tu t io n  o f SV40 o r ig in -  
d e p e n d e n t  DNA r e p l ic a t io n  in  v i t r o  (W ein b erg  e t  al., 1990). T h e se  h o s t  
c e l lu la r  p r o te in s  in c lu d e  r e p l ic a t io n  p r o te in  A (R P-A ), DNA p o ly m e rase  
c t-p rim ase  com plex (POL a ) , p r o l i f e r a t in g  ce ll n u c le a r  a n t ig e n  (PCNA), 
r e p l ic a t io n  p r o te in  C (R P -C ), to p o is o m e ra s e  I, th e  c a ta ly t ic  s u b u n i t  of 
p r o te in  p h o s p h a ta s e  2A (PP2AC) a n d  DNA p o ly m e ra se  6 (POL 6).
Two m am m alian DNA p o ly m e ra s e s  a r e  r e q u i r e d  f o r  th e  s y n th e s i s  of 
le a d in g  a n d  la g g in g  s t r a n d s ,  n am ely  POL 6 a n d  POL a  (P re l ic h  e t  al., 
1987; D e c k e r  e t  al., 1987; Wold e t  al., 1988; M urakam i e t  al., 1986b). 
POL a , w h ic h  is  n o t  h ig h ly  p r o c e s s iv e  (D ow ney e t  al., 1988; H ohn a n d  
G ro sse , 1987), is  co m p o sed  of f o u r  p o ly p e p t id e  s u b u n i t s  Mr 180,000,
70,000, 58,000 a n d  48,000. T he l a r g e s t  s u b u n i t  c o n ta in s  th e  5 '—3* DNA 
p o ly m e ra s e  a c t iv e  s i t e  a n d  th e  tw o s m a lle s t s u b u n i t s  fo rm  a  DNA 
p r im a se  en zy m e  ( F ry  a n d  L oeb , 1986; C am pbell, 1986). POL a 
s p e c if ic a lly  i n te r a c t s  w ith  SV40 T a n t ig e n  (Sm ale a n d  T jia n , 1986; 
G annon  a n d  L an e , 1987) a n d  th r o u g h  th i s  in te r a c t io n  m ay d e te rm in e  
th e  h o s t  s p e c i f ic i ty  o f th e  v i r u s  (M urakam i e t  al., 1986). In  a d d it io n  to  
51—3* DNA p o ly m e ra s e  a c t iv i ty ,  POL 6 p o s s e s s e s  3 '- 5 ! e x o n u c le a se  
a c t iv i ty ,  w h ic h  p r o v id e s  a  p r o o f - r e a d in g  fu n c t io n , b u t  la c k s  DNA 
p r im a se  a c t iv i ty  (B y rn e s  e t  al., 1976; Lee e t  al., 1980; 1984; B y rn e s , 
1985; C ru te  e t  al., 1986; So a n d  D ow ney, 1988). A m am m alian p ro te in  
Mr  37,000, k n o w n  a s  PCNA, h a s  b e e n  id e n t if ie d  a s  a  f a c to r  w h ich  
s t im u la te s  c a ta ly s is  of DNA s y n th e s i s  b y  POL 6 b u t  n o t POL a  (P re l ic h  
e t  al., 1987a;b ; B ra v o  e t  al., 1987; D ow ney e t  al., 1988). POL 6 a n d  
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F ig u re  9 . The SV40 DNA R e p lic a t io n  Fork
The d iag ram  shows th e  enzymes in v o lv e d  in  th e  r e p l i c a t i o n  o f  SV40 
DNA and t h e i r  r e l a t i v e  p o s i t i o n  a t  th e  ad v a n c in g  r e p l i c a t i o n  f o rk .  
HSSB and  A c t iv a to r  1 a r e  a l s o  known a s  RP-A and RP-C r e s p e c t i v e ly  
( re p ro d u c e d  from  H urw itz  e t  a l . ,  1990 ).
1986; D ow ney e t  al., 1988). PCNA is  r e q u i r e d  fo r  e f f ic ie n t  DNA 
re p l ic a t io n  in  v i t r o  s in c e  in  th e  a b s e n c e  of PCNA o n ly  a b e r r a n t  
la g g in g  s t r a n d s  a r e  s y n th e s i s e d  (P re l ic h  e t  al., 1987a; P re lic h  a n d  
S tillm an , 1988). PCNA h a s  b e e n  sh o w n  to  lo ca lise  w ith in  th e  ce ll to  
s i t e s  a t  w h ich  DNA s y n th e s i s  o c c u rs  (B rav o  a n d  M acd o n a ld -B rav o , 
1985; M adsen  a n d  C elis, 1985).
A tw o p o ly m e ra s e  m odel h a s  b e e n  p ro p o s e d  fo r  th e  r e p l ic a t io n  of 
SV40 DNA. N a sc e n t s t r a n d s  a r e  p r im e d  on  b o th  te m p la te  s t r a n d s  b y  
POL a. T he la g g in g  s t r a n d  c o n tin u e s  to  b e  e lo n g a te d  b y  POL a 
w h e re a s  le a d in g  s t r a n d  s y n th e s i s  is  c a ta ly z e d  b y  POL 6-PCNA com plex 
(T su rim o to  a n d  S tillm an , 1989a;b; H u rw itz  e t  al., 1990). P ro te in s  
e x p e c te d  to  b e  p r e s e n t  a t  th e  SV40 r e p l ic a t io n  f o rk  a r e  show n  in  
F ig u re  9.
M odels f o r  th e  c o n c u r r e n t  s y n th e s i s  of le a d in g  a n d  la g g in g  
s t r a n d s  h a v e  b e e n  p ro p o s e d  b y  S tillm an  (1989; F ig u re  10), a n d  H urw itz  
e t  al. (1990; F ig u r e  11) b a s e d  on  m ech an ism s p r e v io u s ly  p ro p o s e d  fo r  
E. co li  (K o rn b e rg , 1982; 1988) a n d  b a c te r io p h a g e  T4 (N ossal a n d
A lb e r ts ,  1983). T he r a t e  of f o r k  m ovem en t is  d e te rm in e d  b y  th e  DNA 
h e lic a s e  a c t iv i ty  of T a n t ig e n . D isp la c e m e n t of th e  la g g in g  s t r a n d  
te m p la te  a llo w s POL 6, PCNA a n d  R P-C  p r o te in  com plex a c c e s s  to  th e  
le a d in g  s t r a n d  te m p la te . M eanw hile , th e  la g g in g  s t r a n d  e i th e r  becom es 
w ra p p e d  a r o u n d  a DNA p o ly m e ra se  m olecu le  (F ig u r e  10) o r  is  
m a in ta in e d  in  e x te n d e d  c o n f ig u r a t io n  b y  RP-A  (HSSB) (F ig u r e  11). At 
th e  o r ig in ,  POL a  b o u n d  to  T a n t ig e n  s y n th e s i s e s  p r im e rs  on  b o th  
te m p la te  s t r a n d s .  T he  le a d in g  s t r a n d  is  e lo n g a te d  c o n tin u o u s ly  b y  POL 
6 w h ils t  p r im e rs  on  th e  la g g in g  s t r a n d  te m p la te  a r e  e lo n g a te d  b y  POL 
a  u n t i l  t h e  3 1 e n d  o f th e  n a s c e n t  DNA s t r a n d  is  p rox im al to  th e  51 e n d  
o f th e  p r e c e d in g  O k azak i f r a g m e n t  a t  w h ich  p o in t  POL a  is  r e le a s e d  
a n d  i t s  DNA p r im a se  a c t iv i ty  r e a c t iv a te d .
T he  e x p e r im e n ta l  e v id e n c e  to  d a te  s u g g e s t s  t h a t  r e p l ic a t io n  of 
HSV-1 DNA r e q u i r e s  o n ly  th e  s in g le  v i r a l  DNA p o ly m e ra se . I t  is  n o t 
k n o w n  w h e th e r  c o n c o m ita n t s y n th e s i s  o f le a d in g  a n d  la g g in g  HSV-1 
DNA s t r a n d s  a c tu a l ly  o c c u rs .  I f  so , i t  m ay in v o lv e  d im e r iz a tio n  of th e  
p o ly m e ra s e . W ith th e  d e v e lo p m e n t o f a  c e l l - f r e e  s y s te m  fo r  HSV-1 DNA 
s y n th e s i s  t h i s  q u e s t io n  m ay be  m ore e a s i ly  b e  a d d r e s s e d .
(b )  DNA P o ly m e ra se  A c c e s so ry  P r o te in s
P r o te in s  w h ic h  s u p p ly  a c c e s s o ry  f u n c t io n s  to  th e  DNA p o ly m e ra se  
fo rm  p a r t  o f th e  m u lt i - s u b u n i t  com plex a t  th e  r e p l ic a t io n  f o rk .  In  
g e n e r a l ,  t h e s e  p r o te in s ,  t o g e th e r  w ith  th e  c a ta ly t ic  s u b u n i t ( s ) ,  fo rm
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F ig u re  10 . Hodel I:  C oncurrent R e p lic a t io n  o f  L eading and Lagging  
S tran d s in  SV40
The d iag ra m  i l l u s t r a t e s  a  p ro p o se d  model ( S t i l lm a n ,  1989) o f  a  
e u k a r y o t ic  DNA r e p l i c a t i o n  f o r k ,  b a se d  on t h a t  p r e v io u s ly  s u g g e s te d  
f o r  E . c o l i .  Two DNA p o ly m e ra se s , a  and <5, form  a  com plex w ith  t h e i r  
a c c e s s o ry  p r o t e i n s  t o  r e s p e c t i v e l y  s y n th e s iz e  la g g in g  and  le a d in g  
s t r a n d s .  L ooping  o f  t h e  la g g in g  s t r a n d  te m p la te  a ro u n d  a  p o ly m e rase  
m o le c u le  i s  p ro p o se d . SV40 T a n t ig e n  a p p e a rs  t o  a c t  a s  a  DNA h e l i c a s e  
to  ad v an ce  th e  r e p l i c a t i o n  f o r k .
F ig u re  11 . Hodel I I :  C oncurrent R e p lic a t io n  o f  L eading and L agging  
Stran d s in  SV40
The f i g u r e  i l l u s t r a t e s  a  p ro p o se d  model (H u rw itz  e t  a l . ,  1990) o f  
c o n c u r r e n t  s y n th e s i s  o f  SV40 DNA s t r a n d s ,  b a se d  on t h a t  p ro p o se d  f o r  
b a c te r io p h a g e  T4. W ith th e  a id  o f  a c c e s s o ry  p r o t e i n s ,  DNA p o ly m e ra se s  
a  and  6 r e s p e c t i v e l y  s y n th e s iz e  la g g in g  and  le a d in g  s t r a n d s .  
P o ly m erase  and  p r im a se  f u n c t io n s  a r e  c o - o r d in a te d  by lo o p in g  o f  th e  
la g g in g  s t r a n d  t e m p la te .  D N A -strand unw ind ing  a t  th e  r e p l i c a t i o n  f o r k  




















pol SC. Fragment Termination
Figure 11
th e  DNA p o ly m e ra se  h o lo en zy m e. T he a c c e s s o ry  p r o te in s  g e n e ra l ly  
c o n f e r r in g  h ig h  p r o c e s s iv i ty  u p o n  c a ta ly t ic  a c t iv i ty  (K o rn b e rg , 1988).
T he  p s u b u n i t  (Mr  37,000) of th e  E. co li DNA p o ly m e ra se  I I I  
h o lo en zy m e  is  r e q u i r e d  f o r  h ig h ly  p r o c e s s iv e  a c t iv i ty .  One p s u b u n i t  
is  p r e s e n t  in  e a c h  c a ta ly t ic  c o re  of th e  a sy m m e tric  p o ly m e ra se  d im er. 
N u m ero u s a u x il ia ry  s u b u n i t s  m ay a s s o c ia te  w ith  one  o r  o th e r  c a ta ly t ic  
c o re  to  f a c i l i ta te  e i t h e r  c o n tin u o u s  s y n th e s i s  on one  s t r a n d  o r  
d is c o n t in u o u s  on  th e  o th e r  (K o rn b e rg , 1988).
T h re e  T4 p r o te in s  s u p p ly  a c c e s s o ry  f u n c t io n s  to  th e  b a c te r io p h a g e  
DNA p o ly m e ra s e , n am e ly  g e n e  44, 45 a n d  62 p r o te in s .  W hen com plexed  
w ith  th e  c a ta ly t ic  s u b u n i t  (g e n e  43 p r o te in )  th e s e  p r o te in s  in c r e a s e  
p r o c e s s iv i ty  o f th e  p o ly m e ra s e  in  a n  ATP d e p e n d e n t  m a n n e r  b y  a c tin g  
a s  a  'c la m p ' to  p r e v e n t  d is s o c ia t io n  of th e  p o ly m e ra se  from  th e  DNA 
te m p la te  (H u an g  e t  al., 1981; Mace a n d  A lb e r ts ,  1984). T o g e th e r  a ll fo u r  
p r o te in s  fo rm  th e  h ig h ly  p r o c e s s iv e  T4 DNA p o ly m e ra se  ho loenzym e 
( J a r v i s  e t  al., 1989a;b ; C a p so n  e t  al., 1991).
R e p lic a tio n  o f SV40 DNA in  v i t r o  r e q u i r e s  th e  c e llu la r  f a c to r  PCNA 
f o r  h ig h ly  p r o c e s s iv e  le a d in g  s t r a n d  s y n th e s i s  b y  m am m alian DNA 
p o ly m e ra s e  6 (T an  e t  al., 1986; D ow ney e t  a l ,  1988). A s e c o n d  
a c c e s s o r y  f a c to r ,  R P -C , is  a lso  r e q u i r e d  fo r  in  v i t r o  DNA s y n th e s i s .  
T h is  f a c to r  h a s  b e e n  sh o w n  to  b in d  p r e f e r e n t ia l ly  to  p r im e r  e n d s  a n d  
to  in c r e a s e  th e  a f f in i ty  o f POL 6 f o r  s u c h  e n d s  b y  a t  l e a s t  1 0 -fo ld . 
L a c k  o f PCNA a n d / o r  R P-C  r e s u l t s  n o t  o n ly  in  a  lo s s  o f le a d in g  s t r a n d  
s y n th e s i s  b u t  a lso  a b e r r a n t  l a g g in g  s t r a n d  s y n th e s i s  s u g g e s t in g  t h a t  
r e p l ic a t io n  o f b o th  s t r a n d s  is  c o - o r d in a te d  (P re l ic h  e t  al., 1987a; Lee 
e t  al., 1988; P re l ic h  a n d  S tillm an , 1988; T su rim o to  a n d  S tillm an , 
1989a;b ).
As d e s c r ib e d  a b o v e  ( s e c t io n  1C.3 (a )) , th e  HSV-1 UL42 g e n e  
p r o d u c t ,  w h ic h  is  e s s e n t ia l  f o r  r e p l ic a t io n  o f v i r a l  DNA, h a s  b e e n  
sh o w n  to  a c t  a s  a n  a c c e s s o ry  p r o te in ,  c o n f e r r in g  in c r e a s e d  
p r o c e s s iv i ty  u p o n  th e  v i r a l  DNA p o ly m e ra se  (G o ttlieb  e t  al., 1990; 
H e rn a n d e z  a n d  L eh m an , 1990).
(c )  S in g le -S tr a n d e d  DNA B in d in g  P ro te in s
F o llo w in g  in i t ia l  s t r a n d  s e p a r a t io n  a n d  e x te n s io n  o f th e  r e p l ic a t io n  
b u b b le  b y  DNA h e lic a s e s  th e  d is p la c e d  s t r a n d s  a r e  m a in ta in e d  in  an  
e x te n d e d  c o n fo rm a tio n  b y  s in g l e - s t r a n d e d  DNA b in d in g  p r o te in s .  T h is  
f u n c t io n ,  w h ic h  is  e s s e n t ia l  f o r  DNA s y n th e s i s ,  p r o v id e s  a  te m p la te  fo r  
DNA p r im a s e  a n d  DNA p o ly m e ra se .
E. c o li  s i n g l e - s t r a n d e d  DNA b in d in g  p r o te in  (SSB ) is  e s s e n t ia l  f o r
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r e p l ic a t io n  of th e  E. coli ch rom osom e a n d  is  p ro p o s e d  to  b in d  th e  
le a d in g  a n d  la g g in g  s t r a n d  te m p la te  s t r a n d s  a h e a d  of th e  a d v a n c in g  
DNA p o ly m e ra s e  a t  th e  r e p l ic a t io n  f o r k  (K o rn b e rg , 1980; 1982; 1988).
T 4 -e n c o d e d  s in g l e - s t r a n d e d  DNA b in d in g  p ro te in ,  g e n e  32 p ro te in ,  
is  a lso  e s s e n t ia l  f o r  r e p l ic a t io n  of th e  b a c te r io p h a g e  DNA in  v i t r o  a n d  
in  v iv o  (N o ssal a n d  A lb e r ts ,  1983). Gene 32 p ro te in  p o s s e s s e s  a h e lix -  
d e s ta b i l iz in g  a c t iv i ty  w h ich  m elts  s e c o n d a r y  s t r u c t u r e s  fo rm e d  b y  
s in g l e - s t r a n d e d  DNA. R em oval o f th e s e  s t r u c t u r e s  a h e a d  of th e  
a d v a n c in g  DNA p o ly m e ra s e  s t im u la te s  p r o c e s s iv i ty  of DNA s y n th e s i s .  
G ene 32 p r o te in ,  b y  b in d in g  s in g l e - s t r a n d e d  DNA, is  a lso  p ro p o s e d  to  
s ta b i l iz e  th e  T4 r e p l ic a t io n  f o rk ,  p r o v id in g  a lo a d in g  s i te  fo r  g e n e  41 
DNA h e lic a s e  a n d  a  c o n fo rm a tio n  o f DNA co m p a tib le  w ith  c o n c u r r e n t  
le a d in g  a n d  la g g in g  s t r a n d  s y n th e s i s  b y  a d im e ric  DNA p o ly m e ra se  
(N o ssal a n d  A lb e r ts ,  1983; A lb e r ts ,  1984). P r o te in :p r o te in  in te r a c t io n s  
h a v e  b e e n  d e m o n s t r a te d  b e tw e e n  g e n e  32 p r o te in  a n d  a t  l e a s t  10 o th e r  
T4 p r o te in s  w h ic h  h a v e  ro le s  in  DNA re p l ic a t io n  a n d  re c o m b in a tio n  
(F o rm o sa  e t  al., 1983).
In  v i t r o  s y n th e s i s  of SV40 DNA r e q u i r e s  th e  s in g l e - s t r a n d e d  DNA- 
b in d in g  a c t iv i ty  o f RP-A  (H um an s in g l e - s t r a n d e d  D N A -b ind ing  p r o te in ) ,  
a  com plex  o f t h r e e  p o ly p e p t id e  s u b u n i t s  Mr  70,000, 32,000 a n d  14,000 
(Wold a n d  K elly , 1988, F a irm a n  a n d  S tillm an , 1988). RP-A  is  p ro p o s e d  to  
b in d  s i n g l e - s t r a n d e d  DNA fo llo w in g  u n w in d in g  of th e  d u p le x  a n d  
e s ta b l is h m e n t  o f th e  SV40 r e p l ic a t io n  f o r k  (H u rw itz  e t  al., 1990).
M ajo r s i n g l e - s t r a n d e d  D N A -b ind ing  p r o te in  (mDBP), e n c o d e d  b y  
HSV-1 g e n e  UL29, is  e s s e n t ia l  f o r  th e  r e p l ic a t io n  o f v i r a l  DNA a n d  is  
p r o b a b ly  in v o lv e d  in  s ta b i l i ty  o f th e  HSV-1 r e p l ic a t io n  f o rk .  mDBP h a s  
b e e n  sh o w n  to  s t im u la te  p r o c e s s iv i ty  o f th e  v i r a l  DNA p o ly m e ra se  
(G o ttlie b  e t  al., 1990; H e rn a n d e z  a n d  L ehm an , 1990). I t  a lso  lo c a liz e s  to  
r e g io n s  o f v i r a l  DNA s y n th e s i s  w ith in  th e  in f e c te d  ce ll a n d  is  r e q u i r e d  
f o r  th e  c o - lo c a liz a tio n  of o th e r  HSV re p l ic a t io n  p r o te in s  to  th e s e  s i te s  
(Q u in la n  e t  al., 1984; d e B ru y n  Kops a n d  K n ipe , 1988). L ik e  T4 g e n e  32 
p r o te in ,  HSV-1 mDBP th e r e f o r e  a p p e a r s  to  p e rfo rm  s e v e r a l  f u n c t io n s  in  
DNA s y n th e s i s .
(d ) T op o isom erases
P o s i t iv e  s u p e rc o i l in g  of d u p le x  DNA a r i s e s  a h e a d  o f th e  a d v a n c in g  
r e p l ic a t io n  f o r k  a s  a  c o n s e q u e n c e  o f th e  a c tio n s  of DNA h e lic a s e s  a n d  
s i n g l e - s t r a n d e d  D N A -b ind ing  p r o te in s .  T o p o iso m e ra se s  r e le a s e  th is  
to r s io n a l  s t r e s s  b y  d e c re a s in g  th e  l in k in g  n u m b e r  o f th e  DNA. T y p e  I
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to p o is o m e ra s e s  n ic k  a s in g le  s t r a n d ,  r o ta t e  a n d  r e s e a l  th e  d u p le x  to  
d e c r e a s e  th e  l in k in g  n u m b e r  b y  one . T y p e  I I  to p o is o m e ra s e s , a lso  
k n o w n  a s  g y r a s e s ,  c u t  a n d  r e s e a l  b o th  s t r a n d s  of th e  d u p le x  to  
r e d u c e  th e  l in k in g  n u m b e r  b y  tw o . T y p e  I I  to p o is o m e ra s e s  a re  
in v o lv e d  in  th e  s e p a r a t io n  of c o m p le te ly  s y n th e s iz e d  d a u g h te r  DNA 
m o lecu le s .
T o p o iso m e ra se  I a c t iv i ty  is  a b s o lu te ly  r e q u i r e d  in  v i t r o  fo r  th e  
r e p l ic a t io n  o f SV40 DNA, p re s u m a b ly  to  r e l ie v e  s u p e rh e l ic a l  te n s io n  
a h e a d  o f th e  p ro c e e d in g  r e p l ic a t io n  f o r k  (W ein b erg  e t  al., 1990). 
H o w ev er, in  v i t r o , SV40 d a u g h te r  s t r a n d s  w e re  n o t  s e p a r a te d .  In  v iv o  
t h i s  is  l ik e ly  to  in v o lv e  to p o is o m e ra s e  I I  a c t iv i ty  (S u n d in  a n d  
V a r s h a v s k y ,  1980; W e in b e rg  e t  al. , 1990).
T o p o iso m e ra se s  a r e  a lso  lik e ly  to  b e  in v o lv e d  in  th e  r e p l ic a t io n  of 
HSV-1 DNA. I n d u c t io n  o f to p o is o m e ra s e  I a c t iv i ty  in  HSV-1 in fe c te d  
c e lls  h a s  b e e n  d e m o n s t r a te d  (M uller e t  al., 1985) a n d  a ro le  fo r  h o s t  
to p o is o m e ra s e  I I  in  th e  r e p l ic a t io n  o f HSV-1 DNA h a s  b e e n  p ro p o s e d  
( E b e r t  e t  al., 1990). H o w ev er, w h e th e r  th e  v i r u s  e n c o d e s  to p o iso m e ra se  
a c t iv i ty  h a s  n o t  b e e n  c o n c lu s iv e ly  e s ta b l i s h e d .
(e )  C o m pletion  o f DNA S y n th e s i s
DNA s y n th e s i s  is  c o m p le te d  w h e n  tw o r e p l ic a t io n  f o r k s  m ov ing  in  
o p p o s ite  d i r e c t io n s  m ee t. A l te rn a t iv e ly ,  s y n th e s i s  m ay b e  h a l te d  a t  a 
s p e c if ic  te rm in a t io n  s e q u e n c e ,  a s  in  E. coli.
To c o m p le te  r e p l ic a t io n  o f th e  p r o g e n y  s t r a n d s  d e g r a d a t io n  of 
r ib o n u c le o t id e  p r im e r s ,  s u b s e q u e n t  f i l l in g - in  o f g a p s  b y  DNA 
p o ly m e ra s e  a n d  l ig a tio n  of DNA f r a g m e n ts  is  r e q u i r e d .  E n zy m es l ik e ly  
to  b e  in v o lv e d  in  s u c h  e v e n ts  in c lu d e  RNase H a n d / o r  51—3' 
e x o n u c le a s e , f o r  re m o v a l of n u c le o t id e s ,  a n d  a DNA lig a s e . Some o r  a ll 
of t h e s e  a c t iv i t ie s  h a v e  b e e n  in c lu d e d  in  th e  p ro p o s e d  m odels fo r  
E. co li  a n d  SV40 DNA re p l ic a t io n  ( F ig u r e s  7 a n d  9; K o rn b e rg , 1988; 
H u rw itz  e t  al., 1990). T h e se  e v e n ts  a r e  l ik e ly  to  b e  c lo se ly  l in k e d  to  
th e  a d v a n c in g  s y n th e t ic  m a c h in e ry  a t  th e  r e p l ic a t io n  f o rk .
RN ase H a c t iv i ty  is  a n  in t r in s ic  p r o p e r t y  of HSV-1 DNA p o ly m e ra se  
(C ru te  a n d  L eh m an , 1989) w h ich  is  l ik e ly  to  b e  in v o lv e d  in  rem o v a l of 
r ib o n u c le o t id e s  w h ic h  p rim e  s y n th e s i s  o f th e  la g g in g  s t r a n d .  H ow ever, 
a  v i r a l ly  e n c o d e d  DNA lig a s e  h a s  n o t  b e e n  id e n t if ie d .
In  o r d e r  t h a t  co m p le te  m o lecu les  m ay b e  d u p l ic a te d  th e y  m ay be  
r e p l i c a te d  in  a  c i r c u la r  fo rm  (e .g . SV40), a s  c o n c a te m e rs , p r im e d  b y  a 
te rm in a l  p r o te in ,  o r , in  th e  c a se  of l in e a r  ch ro m o so m es, c o n ta in  
te lo m e r ic  e n d s  w h ic h  a r e  s y n th e s iz e d  b y  a s p e c if ic  te lo m e ra se . T he
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f in a l  p r o c e s s e s  fo r  c i r c u la r  m o lecu les  r e p l ic a te d  a s  th e ta  fo rm s 
in v o lv e s  s e p a r a t io n  of th e  tw o d a u g h te r  m o lecu les , a n d  fo r  
c o n c a te m e rs  p r o d u c e d  b y  a ro ll in g  c ir c le  m echan ism , c le a v a g e  in to  u n i t  
l e n g th  m o lecu les .
4. R olling  C ircle R ep lication
T he b u lk  of HSV-1 DNA s y n th e s i s  is  th o u g h t  to  p ro c e e d  b y  a 
r o l l in g  c ir c le  m ech an ism  s in c e  n e w ly  s y n th e s iz e d  v i r a l  DNA a p p e a r s  to  
e x is t  a s  lo n g  h e a d - to - t a i l  ta n d e m  c o n c a te m e rs  (S e c tio n  IB .4; J o n g e n e e l  
a n d  B a c h e n h e im e r , 1981; J a c o b  e t  al., 1979). In  a  ro ll in g  c irc le  
m ech an ism  a d o u b le - s t r a n d e d  c ir c u la r iz e d  genom e m ay b e  s p e c if ic a lly  
n ic k e d  on o n e  s t r a n d .  T he  n ic k e d  s t r a n d  is  t h e n  d is p la c e d  b y  DNA 
h e lic a s e  a n d  m a in ta in e d  in  a n  e x te n d e d  c o n fo rm a tio n  b y  s in g le ­
s t r a n d e d  D N A -b ind ing  p r o te in .  F u r t h e r  d is p la c e m e n t  p ro v id e s  a 
te m p la te  f o r  DNA p r im a se  a n d  DNA p o ly m e ra s e . S u b s e q u e n t  a s se m b ly  of 
r e p l ic a t io n  p r o te in s  on  th e  te m p la te  DNA s t r a n d s  e s ta b l is h e s  a 
r e p l ic a t io n  f o r k  w h ic h  is  c o n tin u o u s ly  a n d  u n id ir e c t io n a l ly  p r o p a g a te d  
s u c h  t h a t  h e a d - to - t a i l  c o n c a te m e rs  a r e  s y n th e s iz e d  (F ig u r e  12). 
R e p lic a tio n  f o r k s  e s ta b l i s h e d  in  t h i s  w ay  a r e  o th e rw is e  
i n d is t in g u i s h a b le  fro m  th o s e  e s ta b l i s h e d  a t  a  b i - d i r e c t io n a l  o r ig in  of 
r e p l ic a t io n  s u c h  a s  o c c u r s  in  th e  c a se  o f SV40.
M any o f t h e  p r o te in s  in v o lv e d  in  th e  r e p l ic a t io n  of E. co li a n d  
b a c te r io p h a g e  DNA h a v e  b e e n  is o la te d  a n d  c h a r a c te r iz e d  in  v i t r o  w ith  
t h e  a id  o f n ic k e d  c i r c u la r  DNAs p r o d u c e d  e x p e r im e n ta lly  b y  DNase 
t r e a tm e n t .  R e p lic a tio n  o f th e  genom e of b a c te r io p h a g e  0X174 b y  a 
r o l l in g - c i r c le  m ech an ism  h a s  b e e n  d e m o n s t ra te d  u s in g  E. co li DNA 
r e p l ic a t io n  p r o te in s  ( re v ie w e d  b y  K o rn b e rg , 1982). S u c h  te m p la te s  m ay 
a lso  p ro v e  u s e f u l  in  th e  s t r u c t u r a l  a n d  f u n c t io n a l  a n a ly s is  o f th e  HSV- 
1 r e p l ic a t io n  f o rk .
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G ro w in g  fork
D isp laced  
. strand
Leading
F ig u re  12 . R o l1i n q - C i r c l e  R e p l ic a t i o n
In  a  r o l l i n g - c i r c l e  m echanism  a  d o u b le - s tr a n d e d  c i r c u l a r  DNA 
m o le c u le  may be r e p l i c a t e d  a s  a  c o n c a te m e r t o  p ro d u ce  u n i t  le n g th  
m o le c u le s  j o in e d  h e a d - t o - t a i l .  A s p e c i f i c  n ic k  in  one s t r a n d  p ro v id e s  
a  lo a d in g  s i t e  f o r  DNA h e l i c a s e  and  s u b s e q u e n t ly  a  te m p la te  f o r  DNA 
p rim a se  and  DNA p o ly m e ra se .
CHAPTER 2: MATERIALS AND METHODS
2A. MATERIALS
1. R e a g en ts
M ost a n a ly t ic a l  g r a d e  c h e m ica ls  w e re  p u r c h a s e d  from  e i th e r  BDH 
L td . o r  S igm a C hem ical Co. L td .. E x c e p tio n s  to  th is  in c lu d e d :
B eecham  R e s e a rc h  L a b s . L td . 
B io -R ad  L a b s . L td .
Du P o n t  L td .
F lu k a  C hem ica ls  L td .
Ja m e s  B u r r o u g h  (FAD) L td . 
K och L ig h t  L a b s .
May a n d  B a k e r  L td .
P h a rm a c ia  LKB L td .
-a m p ic ill in
-am m onium  p e r s u lp h a te
-TEMED (N ,N ;N' ,N' , te t r a m e th y  i -e n e d ia m in e )
- E n 3H ance a u to r a d io g r a p h y  e n h a n c e r
-HPLC g r a d e  d im e th y ls u lp h o x id e
- fo rm a ld e h y d e
- a b s o lu te  a lco h o l 100
- b o r ic  a c id
-c a e s iu m  c h lo r id e
- a c e t ic  a c id  (g la c ia l)
-c h lo ro fo rm
- g ly c e r o l
- h y d r o c h lo r i c  a c id  
-m e th a n o l 
-DEAE S e p h a c e l 
- f ic o ll  400
- 2 'd e o x y r ib o n u c le o s id e  5 't r ip h o s p h a te s  
- r ib o n u c le o s id e  5 't r ip h o s p h a te s  
-p o ly  (dT )
-d (N ) fo ra n d o m  p o ly m e r
2. M isce llan eou s M aterials
M isc e lla n eo u s  m a te r ia ls  a n d  t h e i r  s u p p l i e r s  a r e  in d ic a te d  a s  fo llow s:
B e th e s d a  R e s e a rc h  L a b s .
B io -R ad  L a b s  L td .
K odak  L td .
M edicell I n te r n a t io n a l  L td . 
New E n g la n d  B io labs
P ie rc e
P ro m e g a  B io tech  
S c h le ic h e r  a n d  S c h u e ll  
U n ite d  S ta te s  B iochem ica ls  
W acker C hem ica ls
- n u c l e a s e - f r e e  BSA s o lu tio n  
- Im m u n o p re c ip i t in  ( s u s p e n s io n  of f ix ed  
S ta p h y lo c o c c u s  a u r e u s ,  f o r  p r e c ip i t ­
a tio n  of im m u n o g lo b u lin ).
-B io -g e l  A1.5m a g a ro s e  b e a d  s u s p e n s io n  
- P r o te in  a s s a y  d y e  r e a g e n t  
-X S1 a u to r a d io g r a p h ic  film  
-T riX  p a n  400 35mm film  
- d ia ly s i s  m em b ran e  
- r e s t r i c t i o n  en zy m e  l in k e r -  
o lig o n u c lo tid e s  
-M 13m pl8  ssDNA 
- u n iv e r s a l  p r im e r , 17m er 
- P r o te in  m ic ro -a s s a y  s o lu t io n s  
- im m u n o b lo t q u a lif ie d  BSA 
- n i t ro c e l lu lo s e  m em b ran e  
- u n iv e r s a l  p r im e r , 17m er 
- w a c k e r  s a lin e  GF 38
3. S o lu tio n s
CLB (c e ll  ly s i s  buffer):0.5Sfc SDS, 20mM T ris.H C l (pH 7.5), 2mM EDTA. 
C h lo ro fo rm  (n u c le ic  a c id  e x tr a c t io n ) :  c h lo ro fo rm :iso am y l a lco h o l, 24:1 
50x D e n h a r d t 's  r e a g e n t :  1% f ico ll 400, 1% p o ly v in y lp y r r o l id in e ,  1% BSA 
E x tra c t io n  B u f fe r  A: lOmM Hepes.NaOH (pH 7.9), lOmM KC1, 1.5mM
MgCl2, 0.5% NP40, 0.5mM DTT, 0.5mM PMSF. 
E x tra c t io n  B u f fe r  C: 20mM Hepes.NaOH (pH 7.9), 25% g lycero l,1 .5m M
MgCl2, 0.2mM EDTA, 0.5mM DTT, 0.5mM PMSF.
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Gel s o a k  I: 
Gel s o a k  II: 
G iem sa s ta in :
0.2M NaOH, 0.6M NaCl 
1M T ris.H C l (pH 7.5), 0.6M NaCl 
1.5% Giem sa in  g ly c e ro l ,  h e a te d  to  50°C fo r  
2 h r  a n d  d i lu te d  w ith  an  e q u a l vo lum e of 
m eth a n o l.
137mM NaCl, 5mM KC1, 0.7mM Na2H P 04, 5,5mM D- 
g lu c o s e , 21mM H epes (to  pH 7.05 w ith  NaOH).
6x SSC, 5x D e n h a r d t 's  r e a g e n t ,  0.05% SDS, 
50 jjg /m l d e n a tu r e d  c a lf  th y m u s  DNA,20mM 
T ris.H C l(pH  7 .5 ), ImM EDTA.
0.5M T ris.H C l(pH  7 .6 ), lOOmM MgCl2, 50mM DTT, 
ImM EDTA, ImM s p e rm id in e .
250mM T ris.H C l(pH  7.5), 50mM MgCl2,lOOmM DTT, 
5mM ATP, 250/jig/ml BSA.
36mM T r is ,  36mM NaH2P 0 4.2H20 , ImM EDTA.
5x LB g e l lo a d in g  b u f f e r :  50% s u c ro s e ,  0.01% BPB in  5x LB.
NTE: lOmM T ris.H C l (pH 7 .5 ), lOOmM NaCl, 0.5mM EDTA
PBS A: 170mM NaCl, 3.4mM KC1, lOmM Na2H P04,
1.8mM KH2P 0 4 (pH 7.2)
PBS: PBS A s u p p le m e n te d  w ith  6.8mM CaCl2 a n d
4.9mM MgCl2.
P h o s p h o c e llu lo s e  co lum n  B u f fe r  B: 20mM Hepes.NaOH (pH 7.6), ImM DTT,
ImM EDTA, ImM EGTA, 10% g ly c e ro l,
0.5mM PM SF, ( c o n ta in in g  NaCl a s  in d ic a te d ) .  
P r e h y b r id i s a t io n  B u ffe r :  6x SSC, 5x D e n h a r d t 's  r e a g e n t ,  0.1% SDS,
20^ig/m l d e n a tu r e d  c a lf  th y m u s  DNA.
lOmM T ris.H C l (pH 7 .5 ), lOmM KC1, 1.5mM MgCl2, 
ImM DTT, 0.5mM PMSF.
HeBS B u ffe r :  
H y b r id is a t io n  B u ffe r :
lOx K in ase  B u ffe r :
5x L ig a se  B u ffe r :  
L B (L o e n in g 's  B u f fe r ) :
RSB:
SDS-PAGE B u f fe r s ;
a )B o ilin g  mix: 30% SGB, 30% g ly c e ro l ,  15% p -m e rc a p to -  
e th a n o l ,  6% SDS, 0.03% BPB 
o n e - th i r d  d i lu t io n  o f b o ilin g  mix
b )4 x  RGB ( r e s o lv in g  g e l b u f f e r ) :  1.5M T ris.H C l (pH 8.9), 0.4% SDS
c)4x  SGB ( s ta c k in g  g e l b u f f e r ) :  0.488M T ris.H C l (pH 6 .7 ), 0.4% SDS
sam p le  b u f f e r :
d )T a n k  b u f f e r :  
20x SSC:
STET B u ffe r :
S u c ro s e  R e a g e n t:  
5x T a ilin g  B u ffe r :
TBE:
52mM T r is  b a s e ,  53mM g ly c in e , 0.1% SDS 
3M NaCl, 0.3M tr is o d iu m  c i t r a t e  
8% s u c ro s e ,  0.5% T r ito n  X -100, lOmM Tris.H C l 
(pH 8), 50mM EDTA.
0.25M s u c ro s e ,  50mM T ris.H C l (pH 8), 2mM MgCl2 
0.5M P o ta ss iu m  C a c o d y la te  (pH 7.2),10mM CoCl2 
ImM DTT
90mM T r is  b a s e ,  89mM b o r ic  a c id , ImM EDTA




TM B u ffe r :  
T r is  s a lin e :
T r y p s in :
V e rse n e :
lOmM T ris.H C l (pH 8), 150mM NaCl 
TBS s u p p le m e n te d  w ith  0.05% T w een 20 
lOmM T ris.H C l (pH 7.5), ImM EDTA 
lOmM T ris.H C l (pH 7.5), lOmM MgCl2 
25mM T r is ,  140mM NaCl, 5mM KC1,
0.7mM Na2H P04, lm g /m l d e x tro s e
0.25% t r y p s i n  in  T r is  s a lin e
0.6mM EDTA in  PBS A p lu s  0.02% p h e n o l r e d
4. E n z y m es
R e s t r ic t io n  e n d o n u c le a s e s  a n d  c o m p a tib le  b u f f e r s  w e re  s u p p lie d  b y  
B e th e s d a  R e s e a rc h  L a b s ., N o r th u m b ria  B io log ica ls  L td . a n d  B o e h r in g e r  
M annheim . E x o n u c le a se  BaJSl a n d  te rm in a l  d e o x y n u c le o tid e  t r a n s f e r a s e  
w e re  s u p p l ie d  b y  B e th e s d a  R e s e a rc h  L a b s . Calf in te s t in a l  p h o s p h a ta s e ,
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T4 DNA l ig a s e ,  la r g e  (K lenow ) f r a g m e n t  of DNA p o ly m e ra se  I , DNA 
p o ly m e ra s e  I  a n d  p r o te in a s e  K w e re  o b ta in e d  from  New E n g la n d  B io labs 
a n d  T7 DNA P o ly m e ra se  from  P h a rm a c ia  LKB L td .. DNase, RNase, 
p r o n a s e  a n d  ly so z y m e  w e re  p u r c h a s e d  from  Sigm a C hem ical Co. L td ..
5. R ad io c h em ic a is
B iochem ical r a d io n u c lid e s  w e re  o b ta in e d  from  A m ersham  
I n te r n a t io n a l  p ic .
5 '[ a - 32P] d e o x y r ib o n u c le o s id e  t r i p h o s p h a te s  
5 '[g a m m a -32P] a d e n o s in e  t r i p h o s p h a te  
5 '[ a - 35S] d e o x y a d e n o s in e  t h io t r ip h o s p h a te  
[35S ] -L -m e th io n in e
6. A n tib o d ie s
A n t i -p e p t id e  a n t i s e r a  w h ic h  h a d  b e e n  r a i s e d  in  r a b b i t s  to  d e c a p e p t id e s  
from  th e  c a rb o x y l  te rm in i  o f th e  HSV-1 g e n e s  UL5, UL8, UL9 a n d  UL52 
w e re  g e n e r o u s ly  s u p p l ie d  b y  D r M D C h a llb e rg  (O livo e t  a l  1989).
H o rse  r a d i s h  p e ro x id a s e  (HRP) c o n ju g a te d  sw in e  a n t i - r a b b i t  
im m u n o g lo b u lin  w as p u r c h a s e d  fro m  P ro m e g a  B io tech  a n d  f lu o ro s c e in  
(FIT C ) c o n ju g a te d  sw in e  a n t i - r a b b i t  im m u n o g lo b u lin  from  Sigm a Chem ical 
Co. L td .
7. C ells
BHK 21 c lo n e  13 (BHK) c e lls , a  c o n tin u o u s  ce ll l in e  d e r iv e d  from  
b a b y  h a m s te r  k id n e y  (M a c P h e rso n  a n d  S to k e r ,  1962) w e re  ro u t in e ly  
u s e d  f o r  th e  g ro w th  o f w t  HSV-1, tsK  a n d  tsK  r e c o m b in a n t  v i r u s e s ,  th e  
p r e p a r a t i o n  o f in f e c te d  ce ll e x t r a c t s  a n d  im m u n o flu o re sc e n c e  s tu d ie s .
A c o n t in u o u s  lin e  o f S p o d o p te r a  f r u g ip e r d a  c e lls  (S './.; B row n a n d  
F a u lk n e r ,  1977) w as r o u t in e ly  u s e d  f o r  th e  g ro w th  o f w t  a n d  
r e c o m b in a n t  AcNPV a n d  th e  p r e p a r a t io n  o f in f e c te d  ce ll e x t r a c t s .
8. T is s u e  C u ltu re  M edia
T is s u e  c u l tu r e  m ed ia  a n d  s u p p le m e n ts  w e re  s u p p lie d  b y  G ibco L td .. 
P la s t ic s  w e re  s u p p l ie d  b y  Gibco L td . a n d  S te r i l in  L td ..
ETC10: G lasgow  m o d ified  E a g le 's  m edium  (GMEM) (B u sb y  e t  al. 1964),
s u p p le m e n te d  w ith  100 u n i ts /m l  p e n ic ill in , lOOfig/ml 
s t r e p to m y c in ,  0 .2 p g /m l a m p h o te r ic in , 10% t r y p t o s e  p h o s p h a te  
b r o th  a n d  10% new  b o rn  c a lf  s e ru m .
3000Ci/m m ol (10/jC i/p l) 
5000Ci/m m ol (10jiC i/p l) 
lOOOCi/mmol (lO ^C i/p l) 
800Ci/m m ol (15^iCi/pl)
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EC5: GMEM s u p p le m e n te d  w ith  a n t ib io t ic s  a s  a b o v e  p lu s  5% new  b o rn
c a lf  s e ru m .
EC5Hu2: EC5 a d d it io n a l ly  s u p p le m e n te d  w ith  2% Hum an se ru m .
’WASH1: GMEM s u p p le m e n te d  w ith  a n t ib io t ic s  o n ly , a s  a b o v e . 
TC 100/5:TC 100 m edium  s u p p le m e n te d  w ith  lO O un its/m l p e n ic ill in , 
100jug/m l s tr e p to m y c in  a n d  5% fo e ta l  c a lf  se ru m .
9. V iru ses
H e rp e s  sim p lex  v i r u s  ty p e  1 (H SV -1) G lasgow  s t r a in  17 s y n +(B row n 
e t  al. 1973), th e  w i ld - ty p e  v i r u s  u s e d  in  th e s e  s tu d ie s ,  a n d  th e  
t e m p e r a tu r e  s e n s i t iv e  m u ta n t,  tsK s y n + (M a rsd e n  e t  al. 1976) w h ich  w as 
u s e d  in  th e  c o n s t r u c t io n  o f re c o m b in a n t  v i r u s e s ,  w e re  o b ta in e d  from  
in s t i t u t e  s to c k s .
R e c o m b in a n t b a c u lo v i r u s e s  w e re  c o n s t r u c te d  u s in g  w ild - ty p e  
A utogrrapha  c a lifo rn ic a  n u c le a r  p o ly h y d ro s is  v i r u s  (AcNPV) a s  th e  
p a r e n t  b y  Dr N D S tow , from  whom  b o th  w t  a n d  re c o m b in a n t  AcNPV 
v i r u s e s  w e re  o b ta in e d .
10. B acteria
P la sm id s  w e re  p r o p a g a te d  in  E. coli. s t r a in  DH5 (F~, r e c A l, e n d A l, 
h sd R 1 7  ( r r <  m rO , S upE 44 , th i - 1 ,  g y rA , r e lA l) .  C o m p e te n t DH5 ce lls
r e a d y  f o r  t r a n s f o r m a t io n  w e re  p u r c h a s e d  from  B e th e s d a  R e s e a rc h  L a b s ..
11. B a cter ia l C u ltu re  Media
B a c te r ia  w e re  g ro w n  in  L - b r o th  (1 0 g /l  B a c to p e p to n e , 5 g / l  y e a s t  
e x t r a c t  (pH 7 .5 ), s te r i l i s e d  b y  a u to c la v in g ) .  A g a r p la te s  c o n ta in e d  1.5% 
w /v  a g a r  in  L - b r o th  a n d  w h e re  a p p r o p r ia t e  th e  m edium  w as 
s u p p le m e n te d  w ith  am p ic illin  to  a  f in a l  c o n c e n t r a t io n  o f 50 /ig /m l.
12. P lasm ids
P la sm id s  w e re  k in d ly  p ro v id e d  b y  m em b ers  o f th e  i n s t i tu t e  a s  
in d ic a te d :
p23  (D r C M P r e s to n ) .  D e riv e d  from  a p lasm id  c o n ta in in g  th e  
HSV-1 BarriHl p  f r a g m e n t  c lo n e d  in to  th e  Barriill s i te  of th e  v e c to r ,  pAT 
153. A 357 b p  B a rrH l-H in d lll  f r a g m e n t  s p e c ify in g  th e  HSV-1 IE3 g e n e  
u p s tr e a m  r e g u la to r y  s e q u e n c e s ,  p ro m o te r  a n d  mRNA 5 'e n d  w as i n s e r te d  
in to  a n  u n iq u e  X h o l  s i te  c r e a te d  w ith in  th e  TK g e n e  c o d in g  r e g io n  
r e g e n e r a t in g  th e  u n iq u e  X hol s i te  a t  th e  e n d  o f th e  f r a g m e n t  
c o r r e s p o n d in g  to  th e  mRNA le a d e r .  G enes w e re  c lo n e d  in to  t h i s  X hol 
s i te .
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pU L59 (D r N D S tow ). C o m p rise s  an  M ini f ra g m e n t  of HSV-1 DNA 
(n u c le o t id e s  12127-15162), c o n ta in in g  th e  UL5 g e n e , c lo n e d  a s  a BamHl 
f r a g m e n t  ( b lu n t - e n d e d )  in to  th e  u n iq u e ,  b lu n t - e n d e d  X hol s i te  of p23.
pC6 (D r N D S tow ). C o m p rise s  a n  S s fL -M s fl l  f ra g m e n t  of HSV-1 
DNA (n u c le o t id e s  17850-20488), c o n ta in in g  th e  UL8 g e n e , c lo n e d  a s  a 
BamHI f r a g m e n t  ( b lu n t - e n d e d )  in to  th e  u n iq u e , b lu n t - e n d e d  X hol s i te  of 
p23.
p IE 9  (D r N D S tow ). C o m p rise s  an  S s i l l - N a r l  f r a g m e n t  of HSV-1 DNA 
(n u c le o t id e s  20666-23539), c o n ta in in g  th e  UL9 g e n e , c lo n e d  a s  an  X hol 
f r a g m e n t  in to  th e  u n iq u e ,  X ho  I  s i te  of p23.
In  th e s e  t h r e e  p la s m id s , pU L59, pC6 a n d  p IE 9 , f r a g m e n ts  w e re  c lo n e d  
s u c h  t h a t  th e  i n s e r t e d  g e n e  w as t r a n s c r i b e d ,  u n d e r  th e  c o n tro l  of th e  
IE  g e n e  3 p ro m o te r ,  in  th e  sam e d ir e c t io n  a s  TK.
pU L522 (D r N D S tow ). C o m p rise s  th e  HSV-1 Hpal q  f ra g m e n t  
( n u c le o t id e s  108883-112510), c o n ta in in g  th e  UL52 g e n e , b lu n t  e n d  l ig a te d  
in to  th e  f i l le d - in  SaR  s i te  o f th e  v e c to r  p lasm id  pUC8
pU L51 (D r N D S tow ). C o m p rise s  th e  HSV-1 M lul f ra g m e n t  
(n u c le o t id e s  12127-15162), c o n ta in in g  th e  UL5 g e n e , c lo n e d  in to  th e
v e c to r  p la sm id  pUC8 a s  a  BamBI f ra g m e n t .
pU L82 (D r N D S tow ). C o m p rise s  th e  HSV-1 S s tL -M s il l  f ra g m e n t  
(n u c le o t id e s  17850-20488), c o n ta in in g  th e  UL8 g e n e , c lo n e d  in to  th e
v e c to r  p la sm id  pUC8 a s  a  BarriHI f r a g m e n t .
p301 (D r N D S tow ). C o m p rise s  th e  HSV-1 S s tL I-N a r l  f ra g m e n t  
(n u c le o t id e s  20666-23539), c o n ta in in g  th e  UL9 g e n e , c lo n e d  in to  th e
v e c to r  p la sm id  pUC8 a s  a n  EcoRI f ra g m e n t .
pB a/np(pG X  153) (D r N D S tow ). C o m p rise s  th e  HSV-1 BamHI p
f r a g m e n t  c lo n e d  in to  th e  BairiHI s i te  o f th e  v e c to r  p lasm id  pAT 153.
pAT 153 (T w igg  a n d  S h e r r a t ,  1980) a n d  pUC8 (V iera  a n d  M essin g , 
1982) v e c to r  p la sm id s  w e re  o b ta in e d  from  I n s t i t u t e  s to c k s .
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2B. METHODS
1. T is s u e  C u l tu re
a. BHK c e lls  w e re  r o u t in e ly  p a s s a g e d ,  e v e ry  2-3  d a y s ,  in  850cm2
r o l le r  b o t t l e s  in  ETC10 a t  37°C in  a n  a tm o s p h e re  of 5% C 02 in  a ir
(M a c p h e rso n  a n d  S to k e r  1962). C o n flu e n t m o n o la y e rs  w ere
r e s u s p e n d e d ,  a f t e r  tw o  v e r s e n e  w a s h e s  a n d  b r ie f  t r y p s in i s a t io n  (0.25%
t r y p s i n ) ,  in  20ml of ETC10. C ells re m a in e d  v ia b le  fo r  u p  to  5 d a y s  
w h e n  s to r e d  a t  4°C.
b . S .f .  c e lls  w e re  r o u t in e ly  p a s s a g e d ,  e v e r y  2 -3  d a y s ,  in  175cm2
t i s s u e  c u l tu r e  f la s k s  in  TC 100/5  a t  28°C in  a ir .  C o n f lu e n t m o n o la y e rs
w e re  d is lo d g e d  b y  v ig o ro u s  s h a k in g  in to  10ml of TC 100/5 . When
s to r e d  a t  4°C c e lls  r e m a in e d  v ia b le  f o r  a t  l e a s t  2 4 h r.
F o r  lo n g  te rm  s to r a g e ,  c e lls  w e re  s u s p e n d e d  in  m edium  c o n ta in in g  
10% g ly c e r o l  a n d  25% fo e ta l  c a lf  s e ru m  a n d  a l iq u o ts  f ro z e n  in  l iq u id  
n i t r o g e n .  C e l l s  w e r e  g e n e r a l l y  p a s s a g e d  2 0 - 3 0  t i m e s  a f t e r  w h i c h  f r e s h
s t o c k s  w e r e  r e c o v e r e d .
2. P r e p a r a t io n  o f S to c k s  o f I n fe c t io u s  V iru s
a. W ild - ty p e  HSV-1 a n d  HSV-1 t s  m u ta n t  v i r u s e s  w e re  p ro p a g a te d  
in  BHK c e lls . Cell m o n o la y e rs  in  r o l l e r  b o t t le s  w e re  in fe c te d  w ith
v i r u s  a t  a  m .o.i. o f 0.01 p fu  p e r  ce ll in  40ml EC5. I n fe c te d  c u l tu r e s
w e re  m a in ta in e d  a t  31°C f o r  3 -5  d a y s  u n t i l  a n  e x te n s iv e  c y to p a th ic
e f f e c t  w as e x h ib i te d .  T he  c e lls  w e re  s h a k e n  in to  th e  m edium  a n d  
p e l le te d  a t  1500 rp m  f o r  10 m in a t  4°C (B eckm an  GPR c e n t r i f u g e ) .  Cell 
a s s o c ia te d  v i r u s  (CAV), r e le a s e d  in to  th e  m edium  a f t e r  s o n ic a tio n  of
th e  c e ll p e l le t  in  5ml EC5 p e r  r o l l e r  b o t t le ,  w as s to r e d  in  a l iq u o ts  a t  -
70°C. Cell r e l e a s e d  v i r u s  (CRV) w as p e l le te d  from  th e  s u p e r n a t a n t  a t  
12000 rp m  f o r  1 2 h r  a t  4°C (S o rv a ll  GSA r o to r ) ,  g e n t ly  r e s u s p e n d e d  in  
EC5 a n d  s to r e d  in  a l iq u o ts  a t  -70°C.
b . S to c k s  of w t  a n d  re c o m b in a n t  AcNPV w e re  p r o p a g a te d  in  S .f .  
c e lls . Cell m o n o la y e rs  in  175cm2 t i s s u e  c u l tu r e  f la s k s  w e re  in fe c te d  a t  
a  m .o.i. o f 4 p fu  p e r  ce ll, in c u b a te d  a t  room  te m p e r a tu r e  fo r  l h r  a n d  
th e n  o v e r la id  w ith  30ml of TC 100/5 a n d  in c u b a te d  a t  28°C f o r  2 -4  d a y s  
u n t i l  t h e  c e lls  e x h ib i te d  a n  o b v io u s  c y to p a th ic  e f fe c t .  T he c e lls  w e re  
s h a k e n  in to  th e  m edium  a n d  p e lle te d  a t  1500 rp m  f o r  10 m in a t  4°C 
(B eckm an  GPR c e n t r i f u g e ) .  Cell r e le a s e d  v i r u s  in  th e  s u p e r n a t a n t  w as 
a liq u o te d  a n d  s to r e d  a t  -70°C.
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S te r i l i ty  c h e c k s  w e re  p e rfo rm e d  b y  s t r e a k in g  v i r u s  p r e p a r a t io n s  
on b lo o d  a g a r  p la te s  a n d  in c u b a t in g  a t  31°C fo r  3 d a y s .
3. T i t r a t io n  o f v i r u s  s to c k s
a. S to c k s  of w t  HSV-1, tsK a n d  tsK re c o m b in a n t v i r u s e s  w ere  
t i t r a t e d  on BHK ce ll m o n o la y e rs  in  50mm o r  35mm t i s s u e  c u l tu r e  P e t r i  
d i s h e s .  T he  g ro w th  m edium  w as re m o v e d  from  th e  p la te s  a n d  0.1ml 
a l iq u o ts  o f 1 0 -fo ld  s e r ia l  d i lu t io n s  of v i r u s  in  GMEM w a sh  w ere  
in o c u la te d  o n to  th e  ce ll m o n o la y e rs . A f te r  l h r  a b s o rp t io n  tim e th e  
c e lls  w e re  o v e r la id  w ith  EC5Hu2 to  p r e v e n t  s e c o n d a r y  p la q u e  
fo rm a tio n , in c u b a te d  a t  th e  a p p r o p r ia t e  t e m p e r a tu r e  fo r  2 -3  d a y s  th e n  
s ta in e d  b y  a d d in g  a n  e q u a l  vo lum e of G iem sa s ta in  to  th e  m edium . 
A f te r  15 m in th e  s ta in  w as w a s h e d  o ff a n d  th e  p la q u e s  c o u n te d  u s in g  
a  d i s s e c t in g  m ic ro sc o p e .
b . S to c k s  of w t  a n d  re c o m b in a n t  AcNPV w e re  t i t r a t e d  on S .f .  cell 
m o n o la y e rs  in  35mm t i s s u e  c u l tu r e  P e t r i  d is h e s .  A f te r  rem o v a l of 
g ro w th  m edium  th e s e  w e re  in o c u la te d  w ith  1 0 -fo ld  s e r ia l  d i lu t io n s  of 
v i r u s  in  TC100 a n d  in c u b a te d  a t  room  te m p e r a tu r e  fo r  l h r .  T he 
in o cu lu m  w as re m o v e d  a n d  th e  c e lls  o v e r la id  w ith  2ml of a w arm  
m ix tu re  (37°C) c o n ta in in g  e q u a l  v o lu m es of 3% m olten  low g e ll in g  
t e m p e r a tu r e  a g a ro s e  (S e a -P la q u e )  a n d  T C 100/5 , fo llow ed  (w h en  s e t)  b y  
lm l o f l iq u id  T C 100/5 . T h e  in fe c te d  c e lls  w e re  in c u b a te d  a t  28°C fo r  3 - 
4 d a y s  a n d  t h e n  s ta in e d  f o r  2 4 h r  w ith  0.5m l of a  so lu tio n  of 1 p a r t  
0.4% N e u tra l  R ed  p lu s  24 p a r t s  TC 100/5 . P la q u e s  w e re  c o u n te d  b y  
i n v e r t in g  th e  p la te s  on  a l ig h t  box.
4. P r e p a r a t io n  o f  HSV-1 DNA
HSV-1 DNA w as p r e p a r e d  e s s e n t ia l ly  a s  d e s c r ib e d  b y  W ilkie (1973). 
B r ie f ly , in f e c te d  c e lls  w e re  p e lle te d  a s  d e s c r ib e d  in  2a). C e ll-a s so c ia te d  
v i r u s  (CAV) w as e x t r a c te d  from  th e  p e l le t  b y  r e s u s p e n s io n  in  RSB 
c o n ta in in g  0.5% NP40. C e ll- r e le a s e d  v i r u s  (CRV) w as p e l le te d  from  th e  
g ro w th  m edium  s u p e r n a t a n t .  CAV a n d  CRV p e lle ts  w e re  r e s u s p e n d e d  in  
TE a n d  1 /2 5  v o l. of 250mM EDTA a n d  1 /4 0  vo l. o f 20% SDS a d d e d  to  
d i s r u p t  th e  p a r t ic le s .  V iral DNA w as p h e n o l:c h lo ro fo rm  e x t r a c te d  th e n  
e i t h e r  d ig e s te d  w ith  RNase A+T a n d  p r e c ip i ta te d  w ith  2.5 v o ls . of 
e th a n o l  o r  p u r i f ie d  b y  caesium  c h lo r id e  (CsCl) e q u il ib r iu m  g r a d ie n t  
c e n t r i f u g a t io n .  V ira l DNA (in  TE) w as s to r e d  a t  -20°C.
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5. P r e p a r a t io n  o f T o ta l I n f e c te d  Cell DNA
A fte r  th o r o u g h ly  re m o v in g  th e  m edium  from  in fe c te d  BHK cell 
m o n o la y e rs  w e re  o v e r la id  ce ll ly s is  b u f f e r  (CLB) c o n ta in in g  0 .5m g/m l 
p r o n a s e  a n d  in c u b a te d  a t  37°C fo r  3 -5 h r .  DNA w as s u b s e q u e n t ly  
p h e n o l:c h lo ro fo rm  e x t r a c te d  a n d  p r e c ip i t a te d  w ith  e th a n o l. DNA p e lle ts  
w e re  r e s u s p e n d e d  in  TE (50-200/il) c o n ta in in g  RNase A (5 p g /m l) a n d  
RN ase Ti (5 0 u n its /m l)  a n d  s to r e d  a t  -20°.
6. T r a n sfe c t io n  o f C ells w ith  DNA
R e c o m b in a n t v i r u s e s  w e re  g e n e r a te d  b y  c o - t r a n s f e c t in g  BHK cell 
m o n o la y e rs  in  50mm d is h e s  w ith  v i r a l  a n d  p lasm id  DNA b y  th e  calcium  
p h o s p h a te  p r e c ip i ta t io n  m eth o d  (C o rsa lo  a n d  P e a rs o n  1981).
0 .5 /jg  o f HSV-1 tsK  DNA, 1/ig o f p la sm id  DNA c u t  w ith  e i th e r  BarrMI 
(pU L 59, pC6, p206) o r  S ea l (p IE 9 ) a n d  35fig s o n ic a te d  c a lf  th y m u s  DNA 
a s  c a r r i e r  w e re  m ixed w ith  1ml HeBS b u f f e r  (pH 7.05) in  15ml F a lcon  
tu b e s .  A f te r  a d d it io n  of 70pl of 2M CaCh to  e a c h  tu b e  a f in e  
p r e c ip i t a te  w as a p p a r e n t .  M o n o lay e rs  from  w h ich  th e  g ro w th  m edium  
h a d  b e e n  re m o v e d  w e re  in o c u la te d  in  d u p l ic a te  w ith  0.4ml of th e  
ca lc ium  p h o s p h a te  p r e c ip i t a te ,  in c u b a te d  l h r  a t  31°C a n d  o v e r la id  w ith  
4ml EC5. F o llo w in g  a f u r t h e r  3 h r  in c u b a t io n  th e  t r a n s f e c te d  m o n o la y e rs  
w e re  'b o o s te d ' w ith  DMSO (S tow  a n d  W ilkie, 1976). M edium  w as 
re m o v e d  fro m  th e  p la te s  a n d  e a c h  w as r in s e d  w ith  GMEM w ash . 1ml of 
20% DMSO in  HeBS b u f f e r  w as a d d e d  p e r  p la te  f o r  4 m in, d e c a n te d , 
a n d  th e  c e lls  w a s h e d  a g a in . One s e t  o f t r a n s f e c t io n s  w as f in a lly  
o v e r la id  w ith  EC5, t h e  o th e r  w ith  EC5Hu2 a n d  in c u b a te d  a t  31°C fo r  3 
d a y s .  On th o s e  p la te s  o v e r la id  w ith  h u m an  se ru m , p r o g e n y  p la q u e s  
w e re  c o u n te d . F rom  th o s e  p la te s  o v e r la id  w ith  EC5 o n ly , re c o m b in a n t  
v i r u s  p r o g e n y  w e re  s e le c te d  a n d  e n r ic h e d .
7. S e lec tio n  an d  E n rich m en t o f HSV-1 tsK R ecom binant V iru ses
T h e  s y n th e t ic  th y m id in e  a n a lo g u e  5 'b ro m o -d e o x y c y tid in e  (BCdR) 
w as u s e d  a s  a  s e le c t iv e  a g e n t  f o r  th e  g ro w th  o f TK d e f ic ie n t  
( re c o m b in a n t)  v i r u s e s .  T r a n s f e c te d  c e lls  w e re  h a r v e s t e d  in to  th e  
g ro w th  m edium , d i s r u p t e d  b y  s o n ic a t io n , a n d  th e  p r o g e n y  v i r u s  
t i t r a t e d  on BHK c e lls  in  th e  a b s e n c e  o r  p r e s e n c e  of BCdR (lO O pg/m l) to  
allow  th e  p r o p o r t io n  of TK d e f ic ie n t  v i r u s  to  b e  d e te rm in e d . T he 
p r o g e n y  fro m  th e  t r a n s f e c te d  m o n o la y e rs  w as th e n  e n r ic h e d  f o r  TK- 
v i r u s  b y  tw o  s e r ia l  p a s s a g e s  a t  low moi (0.005 p f u /c e l l )  in  th e  
p r e s e n c e  o f BCdR a n d  th e n  p la q u e  p u r i f ie d  b y  lim itin g  d i lu t io n  a s  
d e s c r ib e d  a b o v e . In c u b a t io n s  w e re  p e rfo rm e d  a t  31°C th r o u g h o u t .  T he
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s t r u c t u r e  a n d  p u r i t y  of th e  re c o m b in a n t  v i r u s e s  w ere  co n firm e d  b y  
r e s t r i c t i o n  e n z y m e  a n a ly s is .
8. P laq u e P u r ifica tio n  o f tsK R ecom binant V iru ses
V iru s e s  w e re  p la g u e  p u r i f ie d  b y  lim itin g  d ilu tio n . P ro g e n y  v i r u s  
w as d i lu te d  to  a p p ro x im a te ly  2x102 p fu /m l  a n d  s e v e n  s e r ia l  2 -fo ld  
d i lu t io n s  m ade. T w elve  0.1ml sa m p le s  of e a c h  d i lu t io n  w e re  u s e d  to  
in o c u la te  BHK ce ll m o n o la y e rs  in  m ic r o - t i t r e  w ells . A f te r  l h r  
a b s o r p t io n  a t  31°C e a c h  m o n o la y e r  w as o v e r la id  w ith  0.1ml of EC5 a n d  
in c u b a te d  a t  31°C f o r  3 d a y s .  W ells w e re  s c r e e n e d ,  u s in g  a d is s e c t in g  
m ic ro sc o p e , f o r  th e  p r e s e n c e  o f s in g le  v i r u s  p la g u e s . T he c e lls  a n d  
m edium  of s u c h  w ells  w e re  h a r v e s t e d  b y  r e s u s p e n s io n  a n d  p a s s a g e d  
on  BHK ce ll m o n o la y e rs  in  l in b r o  w e lls . A f te r  a p p ro x im a te ly  3 d a y s  a t  
31°C, w h e n  a c y to p a th ic  e f f e c t  w as e v id e n t ,  th e  m edium  of e a c h  well 
w as re m o v e d  to  in d iv id u a l  s te r i l e  g la s s  v ia ls  a n d  s to r e d  a s  v i r u s  s to c k  
a t  -70°C . F rom  th e  in f e c te d  ce ll m o n o la y e r, to ta l  c e llu la r  DNA w as 
p r e p a r e d  to  allow  a n a ly s i s  o f v i r a l  g enom e s t r u c t u r e .
9. R e s tr ic tio n  E nzym e D ig estio n  of DNA
R e s t r ic t io n  e n z y m e  d ig e s t s  o f DNA w e re  p e rfo rm e d  u s in g  
com m erc ia l r e s t r i c t i o n  e n z y m e s  (1 -5  u n i t s / p g  DNA) a n d  b u f f e r s .  U su a lly  
l j ig  o f DNA w as in c u b a te d  in  a  f in a l  v o lum e of a p p ro x im a te ly  40/ul fo r  
3 - 4 h r  a t  th e  re c o m m e n d e d  t e m p e r a tu r e .
10. D eletion  o f  P lasm id  DNA w ith  N u clease  Bal31
P la sm id  pU L522 DNA (20jig) w as l in e a r i s e d  b y  d ig e s t io n  w ith  
H m d ll l  in  a  f in a l  v o lum e o f 0.5m l f o r  5 h r  a t  37°C th e n  s e r ia l ly  
e x t r a c te d  w ith  p h e n o l a n d  c h lo ro fo rm  a n d  p r e c ip i t a te d  w ith  2.5 v o ls . of 
e th a n o l .  P e l le te d  DNA w as ly o p h il is e d  a n d  r e s u s p e n d e d  in  180jd H2O. 
45jd o f 5xBal31 b u f f e r  (lOOmM T ris.H C l (pH 8), 60mM MgCl2, 60mM CaCl2, 
5mM EDTA, 1M NaCl) a n d  1 u n i t  o f n u c le a s e  Bal31 w e re  a d d e d  a n d  a 
40/il sam p le  ( t 0) im m ed ia te ly  re m o v e d  fro m  th e  m ix tu re  in to  350pl of 
0.2M EGTA (pH 8), v o r te x e d  a n d  s e r ia l ly  e x t r a c te d  w ith  p h e n o l a n d  
c h lo ro fo rm  a n d  s to r e d  on  ice . T he  re m a in d e r  of th e  m ix tu re  w as 
in c u b a te d  a t  31°C. S am p les  w e re  w ith d ra w n  a t  v a r io u s  tim e p o in ts  from  
2 m in to  20 m in a n d  t r e a t e d  a s  a b o v e . All sa m p le s  w e re  th e n  
p r e c ip i t a te d  w ith  2.5 v o ls . of e th a n o l ,  th e  p e lle ts  ly o p h il is e d  a n d  
r e s u s p e n d e d  in  22^1 of H20 . 5u l o f e a c h  sam p le  w as d ig e s te d  w ith  
E coR l a n d  e le c t r o p h o r e s e d  th r o u g h  a  m in i-a g a ro s e  g e l to  m o n ito r  th e  
e x te n t  o f th e  d e le t io n .
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11. L ig a tio n  o f DNA to  l in k e r  o l ig o n u c le o t id e s
Bal31 d ig e s te d  p lasm id  DNA w as t r e a t e d  w ith  1 u n i t  of ca lf 
i n te s t in a l  p h o s p h a ta s e  f o r  l h r  a t  37°C, to  p r e v e n t  p lasm id  re l ig a t io n  in  
th e  a b s e n c e  o f l in k e r  o l ig o n u c le o t id e s , t h e n  e x tr a c te d  w ith  p h e n o l a n d  
c h lo ro fo rm  a n d  p r e c ip i t a te d  w ith  2.5 v o ls . of e th a n o l. T he ly o p h il is e d  
DNA (2.5/Lig) w as th e n  r e s u s p e n d e d  in  30pl H2O a n d  r e c i r c u la r iz e d  a t  
room  te m p e r a tu r e  o v e r n ig h t  in  th e  p r e s e n c e  of p h o s p h o ry la te d  BarrHI 
8 b p  l in k e r  m o lecu le s  in  a  40^1 r e a c t io n  c o n ta in in g  l ig a s e  b u f f e r  a n d  1 
u n i t  of T4 DNA lig a s e .
A f te r  l ig a tio n , th e  DNA w as p h e n o l a n d  c h lo ro fo rm  e x tr a c te d ,  
e th a n o l  p r e c ip i t a te d  a n d  th e  ly o p h il is e d  p e l le t  r e s u s p e n d e d  in  20^1 H2O 
p r io r  to  t r a n s f o r m a t io n  of E. coli.
12. C loning o f DNA F ragm en ts
R e s t r ic t io n  f r a g m e n ts  o f DNA c o n ta in in g  g e n e s  to  b e  e x p re s s e d  in  
tsK  w e re  c lo n e d  in to  th e  u n iq u e  X h o l  s i te  of th e  p lasm id  p23. a s  
BarrHI f r a g m e n ts ,  e x c e p t  fo r  th e  UL9 g e n e  w h ich  w as in s e r te d  b y  
d i r e c t  l ig a tio n  in to  th e  s i te  a s  a n  X h o l  f r a g m e n t .  T he in s e r t s  w ere  
e x c is e d  fro m  p la s m id s  c o n ta in in g  th e  UL5, UL8 a n d  UL52 g e n e s . 5fig 
p la sm id  JC1 DNA, w h ic h  c o n ta in s  th e  UL52 g e n e  a s  a  BarrHI f ra g m e n t , 
w as d ig e s te d  w ith  BarrHI, p h e n o l a n d  c h lo ro fo rm  e x tr a c te d  a n d  
p r e c ip i t a te d  w ith  2.5 v o ls . o f e th a n o l .  T he  ly o p h il is e d  p e lle t  w as 
r e s u s p e n d e d  in  2 0 / j 1  H2O to  w h ic h  2 u n i t s  T4 DNA p o ly m e ra se , a ll f o u r  
dN T Ps to  a  f in a l  c o n c e n t r a t io n  o f 0.3mM a n d  T4 p o ly m e ra se  b u f f e r  
w e re  a d d e d  to  g iv e  a  24^1 r e a c t io n . T he BarrHI c o h e s iv e  e n d s  w e re  
a llo w ed  to  f il l  in  a t  room  te m p e r a tu r e  o v e r n ig h t  a n d  th e  r e q u i r e d  
f r a g m e n t  s u b s e q u e n t ly  p u r i f ie d  b y  a g a ro s e  g e l e le c t r o p h o r e s i s .  T he 
e x p re s s io n  v e c to r  p la sm id  w as l in e a r i s e d  b y  d ig e s t io n  w ith  X ho l a n d  
th e  c o h e s iv e  e n d s  f il le d  in  a s  a b o v e , th e n  p h e n o l a n d  ch lo ro fo rm  
e x t r a c te d ,  e th a n o l  p r e c ip i t a te d  a n d  th e  ly o p h il is e d  p e lle t  r e s u s p e n d e d  
in  H2O. V e c to r  DNA ( lf ig )  w as t r e a t e d  w ith  c a lf  in te s t in a l  p h o s p h a ta s e  
a s  d e s c r ib e d  a b o v e , r e - e x t r a c t e d ,  t h e n  m ixed w ith  f r a g m e n t  DNA 
(2 .5 /jg ) a n d  in c u b a te d  o v e r n ig h t  in  a  40jil r e a c t io n  in  lx l ig a s e  b u f f e r  
c o n ta in in g  1 u n i t  o f T4 DNA lig a s e . L ig a te d  DNA w as p h e n o l a n d  
c h lo ro fo rm  e x t r a c te d ,  e th a n o l  p r e c ip i t a te d  a n d  th e  ly o p h il is e d  p e lle t  
r e s u s p e n d e d  in  2 0 / liI  H20 , p r io r  to  t r a n s fo r m a t io n  of E. coli. P la sm id s  
pU L59 a n d  pC6 w h ic h  c o n ta in  th e  UL5 a n d  UL8 g e n e s  in  p23 w e re  
s im ila r ly  c o n s t r u c te d  b y  Dr N D S tow . P lasm id  pIE 9 w as c o n s t r u c te d  
b y  d i r e c t  l ig a tio n  o f th e  UL9 g e n e  (c lo n e d  a s  a n  Xhcil f ra g m e n t)  in to  
th e  X h o l  s i t e  o f p23.
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13. T ra n s fo rm a tio n  o f C o m p e te n t E .co li
C o m p e te n t E .co li  DH5 b a c te r ia l  c e lls  w e re  p u r c h a s e d  from  BRL. A 
20/il a l iq u o t  o f th e s e ,  s to r e d  a t  -70°C , w as th a w e d  a n d  le f t  on  ice  fo r
10 m in. 5/ul l ig a te d  DNA w as a d d e d  to  th e  c e lls , g e n t ly  m ixed a n d  th e
in c u b a t io n  on ice  c o n tin u e d  a f u r t h e r  30 m in. T he c e lls  w ere  th e n
h e a t  s h o c k e d  a t  42°C f o r  90 se c  th e n  t r a n s f e r r e d  o n to  ice  fo r  1 min.
0.5ml o f L - b r o th  w as a d d e d , g e n t ly  m ixed, a n d  th e  c e lls  th e n  
in c u b a te d  a t  37°C f o r  l h r .  T he c e lls  w e re  th e n  s e r ia l ly  d i lu te d  in  L - 
b r o th  a n d  lOO^il sa m p le s  of u n d i lu te d ,  10"1 a n d  10-2 d i lu t io n s  s p r e a d  
o n to  am p ic illin  p la te s  a n d  in c u b a te d  a t  37°C o v e rn ig h t .  C olon ies w e re  
p ic k e d  a n d  a lso  g ro w n  in  5ml of L - b r o th  c o n ta in in g  50^ig/m l am p ic illin . 
T he  c u l tu r e s  w e re  s h a k e n  o v e r n ig h t  a t  37°C a n d  sm all sc a le  p lasm id  
p r e p a r a t i o n s  m ade.
14. Sm all S c a le  P la sm id  P r e p a r a t io n  (M in i-P re p )
F rom  5ml c u l t u r e s  o f t r a n s f o r m e d  b a c te r ia l  c o lo n ie s , 1ml w as ta k e n  
a n d  th e  c e lls  p e l le te d  b y  c e n t r i f u g a t io n  f o r  10 se c  a t  12000 rp m  (MSE 
m ic ro fu g e )  a n d  r e s u s p e n d e d  in  0.1ml o f STET b u f f e r  b y  v o r te x in g . To 
th i s  16 /li1 o f f r e s h  ly so z y m e  (lO m g/m l in  H20 ) w as a d d e d  a n d  th e  
s a m p le s  b o ile d  f o r  50 s e c . Im m e d ia te ly  a f t e r  b o ilin g  th e  sam p le s  w ere  
c e n t r i f u g e d  a t  12000 rp m  f o r  10 m in (MSE m ic ro -fu g e )  a n d  th e  s o f t  
p e l le ts  re m o v e d . To th e  s u p e r n a t a n t  0.1ml of is o p ro p a n o l  w as a d d e d  
a n d  th e  sa m p le s  in c u b a te d  a t  -20°C f o r  5 m in. T he p r e c ip i t a te d  DNA 
w as p e l le te d ,  ly o p h il is e d  a n d  r e s u s p e n d e d  in  200fil o f TE p lu s  RN ase A 
(5 /ig /m l) p lu s  RN ase Ti (10 u n i ts /m l ) .  M in i-p re p  p la sm id  DNA w as 
s to r e d  a t  -20°C  a n d  5jil u s e d  f o r  r e s t r i c t i o n  en zy m e  a n a ly s is .
15. L a rg e  S c a le  P la sm id  P r e p a r a t io n
5ml o v e r n ig h t  c u l tu r e s  w e re  p r e p a r e d  b y  in o c u la tio n  of L - b r o th  
c o n ta in in g  5 0 ^ g /m l am p ic illin  w ith  e i t h e r  lO^tl of b a c te r ia l  s to c k  ( s to r e d  
in  50% g ly c e r o l  o r  7% DMSO a t  -70°C ) o r  a  co lo n y  p ic k e d  from  an  
a m p ic illin  a g a r  p la te .
O v e r n ig h t  c u l tu r e s  w e re  th e n  a d d e d  to  400ml L - b r o th  c o n ta in in g  
5 0 u g /m l a m p ic illin  in  2 l i t r e  c o n ic a l f la s k s  a n d  s h a k e n  a t  37°C u n t i l  
th e  o p t ic a l  d e n s i ty  (OD) r e a c h e d  0.6 a t  650nm . P lasm id  DNA w as
a m p lif ie d  b y  th e  a d d it io n  of 1ml c h lo ra m p h e n ic o l s o lu tio n  (34m g/m l in  
a b s o lu te  a lc o h o l)  to  th e  c u l tu r e  a n d  s h a k in g  c o n tin u e d  o v e r n ig h t .
B a c te r ia l  c e lls  w e re  p e lle te d  a t  6000 rp m  (S o rv a ll  GS3 r o to r )  f o r  5 
m in, w a s h e d  in  8ml o f TE a n d  r e - p e l l e te d  a t  5000 rp m  (S o rv a ll  SM24
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r o to r )  fo r  5 m in. P e lle te d  c e lls  w e re  r e s u s p e n d e d  in  2ml s u c ro s e  
r e a g e n t  b y  v o r te x in g ,  0.4ml of f r e s h  ly so zy m e  (20m g/m l in  H2O) w as 
a d d e d  a n d  th e  c e lls  in c u b a te d  a t  room  te m p e r a tu r e  fo r  30 min. 0.8ml 
o f 0.25M EDTA a n d  3.2ml of T r ito n  r e a g e n t  w e re  th e n  a d d e d  a n d  th e  
in c u b a t io n  a t  room  te m p e r a tu r e  c o n tin u e d  fo r  a f u r t h e r  15 m in, a f t e r  
w h ich  th e  c e lls  w e re  c e n t r i f u g e d  a t  35000 rp m  fo r  30 min a t  4°C 
(S o rv a ll  Ti50 o r  T y p e  65 r o to r ) .  T he s u p e r n a t a n t  w as t r a n s f e r r e d  to  a 
15ml "F a lc o n "  tu b e  a n d  th e  vo lum e b r o u g h t  to  7.5ml w ith  H2O. 7 .5g of 
caes iu m  c h lo r id e  (CsCl) w as a d d e d  a n d  d is s o lv e d  b y  in v e r s io n  of th e  
tu b e  g iv in g  a f in a l  d e n s i ty  of 1 .5 5 -1 .6 g /m l. A f te r  th e  a d d it io n  of 0.2ml 
e th id iu m  b ro m id e  (lO m g/m l) th e  m ix tu re  w as t r a n s f e r r e d  to  p la s t ic  
c e n t r i f u g e  t u b e s  a n d  c e n t r i f u g e d  a t  44000 rp m  fo r  1 8 h r a t  15°C 
(S o rv a l l  TV865 r o to r ) .  DNA b a n d s  w e re  v is u a l is e d  u n d e r  lo n g  w ave UV 
l ig h t  a n d  th e  lo w e r  b a n d  c o n ta in in g  s u p e rc o i le d  p lasm id  DNA w as 
re m o v e d  w ith  a h y p o d e rm ic  n e e d le  a n d  s y r in g e .  E th id iu m  b ro m id e  
w as re m o v e d  b y  s u c c e s s iv e  e x tr a c t io n s  (u s u a l ly  fo u r )  w ith  a n  e q u a l 
vo lu m e of iso am y l a lc o h o l u n t i l  no  f lu o r e s c e n c e  d u e  to  e th id iu m  
b ro m id e  w as d e te c te d  u n d e r  lo n g  w ave  UV l ig h t .  T he p lasm id  DNA w as 
d ia ly s e d  tw ice  a g a in s t  a  1 0 0 0 -fo ld  e x c e s s  of TE b u f f e r  f o r  2 -3 h r  p r io r  
to  s to r a g e  a t  -20°C.
P la sm id  DNA w as q u a n t i f ie d  b y  c o m p a riso n  w ith  s t a n d a r d  DNA of 
k n o w n  c o n c e n t r a t io n .  A sm all q u a n t i ty  o f p la sm id  DNA (< ljig ) w as 
l in e a r i s e d  w ith  a n  a p p r o p r i a t e  r e s t r i c t i o n  en zy m e a n d  e le c tr o p h o r e s e d  
t h r o u g h  a n  a g a r o s e  g e l  a lo n g s id e  a s t a n d a r d  sam p le  o f p u r if ie d  
p la sm id  DNA of k n o w n  c o n c e n t r a t io n  q u a n t i f ie d  b y  UV a b s o rp t io n  a t  
260nm  (w h e re  a n  a b s o r b a n c e  v a lu e  o f 1.0 c o r r e s p o n d s  to  50 /ig /m l d s  
DNA). T h e  g e ls  w e re  s ta in e d  w ith  E tB r, v is u a l is e d  b y  UV 
t r a n s i l lu m in a t io n  a n d  p h o to g ra p h e d  on P o la ro id  665 film . T he r e la t iv e  
c o n c e n t r a t io n s  of DNA in  e a c h  b a n d  w e re  d e te rm in e d  b y  s c a n n in g  
d e n s i to m e t ry  (H o efe r G S-360 s c a n n in g  d e n s i to m e te r )  o f th e  r e s u l t i n g  
n e g a t iv e  a n d  th e  a m o u n t o f DNA p r e s e n t  w as c a lc u la te d  from  th e  a r e a  
u n d e r  th e  s c a n  p e a k s .
Some DNA sa m p le s  w e re  d i r e c t ly  q u a n ti f ie d  b y  UV s p e c t r o s c o p y  a s  
a b o v e .
16. Gel E le c tr o p h o r e s is  o f N ucleic A cids
(a) N o n -d e n a tu r in g  A garose  Gels
H o riz o n ta l s la b  g e ls  (21.5cm  x 16.5cm ) of 0.6% to  1.0% a g a ro s e  w ere  
p r e p a r e d  in  e i t h e r  lxTB E o r  lxL B  c o n ta in in g  0 .5 /ig /m l e th id iu m
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b ro m id e . P r io r  to  e le c t r o p h o r e s i s ,  DNA sam p le s  w ere  m ixed w ith  1 /5  
vo lum e 5xTBE o r  5xLB lo a d in g  b u f f e r  a s  a p p r o p r ia te .  A f te r  lo a d in g , 
g e ls  w e re  e le c t r o p h o r e s e d  a t  100V fo r  3 h r  (TBE g e ls )  o r  40V o v e rn ig h t  
(LB g e ls ) .
(i) P u r i f ic a t io n  o f DNA R e s t r ic t io n  F r a g m e n ts  from  N o n -D e n a tu r in g
A garose  Gels
To p u r i f y  a  r e s o lv e d  DNA f ra g m e n t ,  th e  DNA w as v is u a l is e d  u n d e r  
lo n g  w ave  UV l ig h t  a n d  th e  r e q u i r e d  b a n d  e x c ise d  from  th e  g e l. The 
g e l s lic e  w as p la c e d  in s id e  a b a g  m ade from  a p iec e  of b o ile d  d ia ly s is  
t u b in g  c o n ta in in g  0.5m l o f 0.5xTBE. T he c lo s e d  b a g  w as im m ersed  in  a 
sh a llo w  l a y e r  o f 0.5xTBE in  a n  e le c t r o p h o r e s i s  t a n k  a n d  e le c tr o e lu te d  
a t  150V f o r  2 - 3 h r .  T he  DNA in  s o lu t io n  w as p u r i f ie d  on  a 0.4ml b e d  
vo lum e DEAE s e p h a c e l  co lum n. T he co lum n w as w a s h e d  b e fo re  a n d  
a f t e r  lo a d in g  th e  DNA sam p le  w ith  5ml TE b u f f e r  c o n ta in in g  0.1M NaCl. 
T he  DNA w as th e n  e lu te d  w ith  2 a l iq u o ts  of 0.25ml TE b u f f e r  
c o n ta in in g  1M NaCl, p r e c ip i t a te d  w ith  e th a n o l  a n d  th e  ly o p h il is e d  p e lle t  
r e s u s p e n d e d  in  TE.
(b )  N o n -d e n a tu r in g  P o lyacry lam id e  Gels
F o r  th e  r e s o lu t io n  of low m o le c u la r  w e ig h t DNA f ra g m e n ts ,  
d e te c t io n  o f D N A -p ro te in  com plexes  in  a  g e l r e t a r d a t io n  a s s a y  o r  
d is p la c e d  la b e l le d  o l ig o n u c le o t id e  in  a  h e lic a s e  a s s a y ,  5-lOSfc p o ly ­
a c ry la m id e  g e ls  ( a c ry la m id e ib is a c ry la m id e , 19:1, o r  55:1 in  th e  g e l 
r e t a r d a t io n  a s s a y )  w e re  r u n  in  lxT B E . 1.5mm th ic k  g e ls  w e re  p r e p a r e d  
in  v e r t i c a l  g la s s  p la te  s a n d w ic h e s , p o ly m e r is e d  w ith  0.001 vo l. of 
TEMED a n d  0.01 v o l. o f lOSfe am m onium  p e r s u lp h a te  (A PS). DNA 
f r a g m e n ts  a n d  h e lic a s e  a s s a y  sa m p le s  w e re  lo a d e d  a s  f o r  n o n ­
d e n a tu r in g  a g a ro s e  g e ls .  Gel r e t a r d a t io n  a s s a y  sam p le s  w e re  lo a d e d  in  
t h e i r  ow n lo a d in g  b u f f e r .  Gels w e re  e le c tr o p h o r e s e d  a t  150-300V fo r  
l - 3 h r  a n d  th e  r e s o lv e d  p r o d u c t s  v is u a l is e d  b y  e th id iu m  b ro m id e  
s ta in in g  o r  a u to r a d io g r a p h y .
(c )  D en a tu r in g  P o lyacry lam id e  Gels
T h e  p r o d u c t s  o f DNA s e q u e n c in g  a n d  DNA p r im a se  a s s a y  r e a c t io n s  
w e re  r e s o lv e d  on  d e n a tu r in g  p o ly a c ry la m id e  g e ls  r u n  in  lxTB E. A g e l 
mix w as p r e p a r e d  w h ic h  c o n ta in e d  6% a c ry la m id e  ( a c r y la m id e :b is a c ry l-  
am id e , 19:1), p r e v io u s ly  d e io n is e d , a n d  8.3M u r e a  in  0.5xTBE a n d  
s to r e d  in  th e  d a r k  a t  4°C f o r  u p  to  1 m o n th . 0.35mm th ic k  g e ls  w e re  
p r e p a r e d  in  lo n g  v e r t i c a l  g la s s  p la te  s a n d w ic h e s  u s in g  a mix
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c o n ta in in g  72/ai e a c h  of 25% APS a n d  TEMED a n d  60ml of ge l mix. 2-3pl 
r e a c t io n  sa m p le s  w e re  b o ile d  f o r  2 -3  min in  fo rm am ide d y e  mix a n d  
im m ed ia te ly  lo a d e d  in to  th e  th o r o u g h ly  r in s e d  w ells of th e  ge l. 
E le c t ro p h o r e s is  w as a t  1 W att/25cm 2 u n t i l  th e  BPB re a c h e d  th e  bo ttom  
of th e  g e l. Gels w e re  e i th e r  f ix e d  in  10% a c e tic  a c id  a n d  o v e n  d r ie d  
(120°C) o n to  o n e  g la s s  p la te  p r e v io u s ly  c o a te d  w ith  w a c k e r  so lu tio n , o r 
t r a n s f e r r e d  d i r e c t ly  o n to  W hatm an 3MM c h ro m a to g ra p h y  p a p e r  a n d  
d r ie d  a t  80°C u n d e r  v a c u u m .
1 7 .S y n th e s is  an d  P u r ifica tio n  o f O lig o n u c leo tid es
O lig o n u c le o tid e s  w e re  s y n th e s i s e d  w ith in  th e  i n s t i tu t e  b y  
D r J  M cL au ch lan  on  a B io s e a rc h  8600 DNA S y n th e s i s e r  from  w h ich  th e  
DNA w as e lu te d  in  1ml o f am m onia. F o llow ing  in c u b a t io n  a t  55°C fo r  
5 h r ,  th e  am m onia w as re m o v e d  b y  ly o p h il is a tio n . T he DNA w as 
r e s u s p e n d e d  in  50^1 of H2O a n d  h a lf  re m o v e d  to  a f r e s h  tu b e  a n d  
s to r e d  a t  -20°C . T he  r e m a in d e r  w as m ixed w ith  an  e q u a l vo lum e of 
90% fo rm am id e  in  lxTB E th e n  b o ile d  f o r  a  few  m in u te s  a n d  lo a d e d  on to  
a d e n a tu r in g  15% p o ly a c ry la m id e  g e l ( a c ry la m id e :b is a c ry l-a m id e , 24:1) 
c o n ta in in g  8M u r e a  a n d  lxT B E  ( th i s  ty p e  of g e l w as s u i ta b le  f o r  th e  
p u r i f ic a t io n  o f 15 -100m er o lig o n u c le o t id e s ) .  F o rm am ide d y e  mix (2pl) 
w as lo a d e d  in to  w e lls  a d ja c e n t  to  th o s e  c o n ta in in g  th e  o lig o n u c le o tid e  
sam p le  a s  a  m ig ra tio n  m a rk e r  a n d  th e  g e l e le c t r o p h o r e s e d  in  lxTB E a t  
250-300V  f o r  4 - 5 h r ,  u n t i l  t h e  BPB h a d  a lm o st r e a c h e d  th e  bo tto m  of 
t h e  g e l. T he  g e l w as t h e n  t r a n s f e r r e d  o n to  c lin g  film  a n d  th e  DNA 
v ie w e d  o v e r  a  s il ic a  g e l t h in  l a y e r  c h ro m a to g ra p h y  p la te  w ith  an  
a n g le d  s h o r t  w ave  UV lam p. T he DNA in  th e  g e l a b s o r b e d  UV l ig h t  
t h u s  c a s t in g  a sh a d o w  on  th e  f lu o r e s c e n t  c h ro m a to g ra p h ic  p la te . T he 
r e q u i r e d  b a n d  w as e x c is e d  a n d  th e  DNA e lu te d  in to  0.5ml of e lu tio n  
b u ffe r(0 .5 M  NH4OAc, lOmM MgCl2, 0.1% SDS a n d  ImM EDTA) o v e r n ig h t  
a t  37°C w ith  c o n s ta n t  a g i ta t io n . T he DNA so lu tio n  w as s e q u e n t ia l ly  
e x t r a c t e d  w ith  p h e n o lic h lo ro fo rm  (1:1) a n d  c h lo ro fo rm  th e n  e th a n o l  
p r e c ip i t a te d .  T he  DNA w as p e lle te d , ly o p h il is e d  a n d  r e s u s p e n d e d  in  
H20 . T he  A b s o rb a n c e  v a lu e s  a t  260nm  a n d  a t  280nm of th e  r e c o v e r e d  
DNA w e re  d e te rm in e d  a n d  i t s  c o n c e n t r a t io n  e s tim a te d  ta k in g  a n  A26o 
v a lu e  o f 1 a s  e q u iv a le n t  to  2 0 u g /m l o f o lig o n u c le o tid e  DNA. 
S in g le - s t r a n d e d  o l ig o n u c le o t id e s  s y n th e s i s e d :
45m er; s'ACTCTAGAGGATCCCCGGGTACGTTATTGCATGAAAGCCCGGCTG3'
15m er; s-g t CTTCCTGCCCCAT3’
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18. P la sm id  DNA s e q u e n c in g
P lasm id  DNA w as s e q u e n c e d  b y  th e  d id eo x y  c h a in  te rm in a tio n  
s e q u e n c in g  p ro to c o l ( S a n g e r  e t  al., 1977) u s in g  d e n a tu r e d  p lasm id  DNA 
te m p la te s .
lO ug  of p la sm id  DNA, p u r i f ie d  b y  caesiu m  c h lo r id e  g r a d ie n t ,  w as 
d e n a tu r e d  in  0.2M NaOH f o r  5 m in a t  room  te m p e ra tu re ,  NH4OAc a d d e d  
to  0.3M th e n  p r e c ip i t a te d  w ith  e th a n o l .  T he p e lle t  w as w a sh e d  w ith  75% 
e th a n o l  ly o p h il is e d  a n d  r e s u s p e n d e d  in  20fil H20 .
(a) D ideoxy se q u e n c in g
2pl o f d e n a tu r e d  p la sm id  DNA w as a n n e a le d  w ith  lO ng  of p r im e r  
o l ig o n u c le o t id e  in  a  f in a l  vo lum e o f 10/li1 c o n ta in in g  20mM T ris  a n d  
20mM MgCl2 a t  37°C f o r  30 m in. 2 .5 /j1 e a c h  of f o u r  te rm in a tio n  m ixes 
( i.e ., G, A, T a n d  C) w e re  a l iq u o te d  in to  in d iv id u a l  m ic ro ti tr e  w ells. 
T h e se  m ixes c o n ta in e d  150pM dG TP, dA TP, dCTP a n d  dT T P a n d  15pM of 
e i t h e r  d id e o x y  (dd )A T P  (A m ix), ddC T P  (C mix), ddG TP (G mix) o r  
dd T T P  (T mix) in  20mM MgCl2, 40mM T ris.H C l (pH 7.5) a n d  50mM NaCl. 
T he  a n n e a le d  r e a c t io n s  w e re  r a d io - la b e l le d  b y  in c u b a t io n  a t  room  
t e m p e r a tu r e  f o r  5 m in w ith  lp l  O.lmM DTT, 2/d la b e l lin g  mix (2/iM dGTP, 
dC T P, a n d  dT T P ), 30pCi [35S ]-dA T P  a n d  2 u n i t s  of T7 DNA p o ly m e ra se . 
3.4/d of la b e l le d , a n n e a le d  r e a c t io n s  w e re  t r a n s f e r r e d  to  e a c h  of th e  
f o u r  te rm in a t io n  m ixes a n d  in c u b a te d  a t  37°C f o r  15 m in. R e a c tio n s  
w e re  s to p p e d  b y  th e  a d d it io n  of 4pl of fo rm am id e  d y e  mix th e n  b o ile d  
f o r  2 -3  m in b e fo r e  lo a d in g  o n to  a d e n a tu r in g  p o ly a c ry la m id e  g e l fo r  
a n a ly s is .
19. S D S -P o lyacry lam id e  Gel E le c tr o p h o r e s is  (SDS-PAGE)
SDS-PAGE w as p e r fo rm e d  e s s e n t ia l ly  a s  d e s c r ib e d  b y  M a rsd e n  e t  
al. (1976). S to c k  s o lu t io n s  of 30% a c ry la m id e  w ith  5% o r  2.5% c r o s s -  
l in k in g  a g e n t  (a c ry la m id e :b is a c ry la m id e , 19:1 a n d  39:1 r e s p e c t iv e ly )  
w e re  p r e p a r e d  in  H20 . 1.5mm th ic k  g e ls  w e re  p r e p a r e d  in  v e r t ic a l  
g la s s  p la te  s a n d w ic h e s . A r e s o lv in g  g e l o f 9% a c ry la m id e  w ith  2.5% 
c r o s s - l i n k e r  w as p r e p a r e d  in  lxRGB, on to p  of w h ich  w as p o ly m e riz e d  
a s ta c k in g  g e l  o f 5% a c ry la m id e  (w ith  5% c r o s s - l i n k e r )  in  lxSGB. M ini­
p r o te in  g e ls  w e re  s im ila r ly  p r e p a r e d  u s in g  B io-R ad  m in i-p ro te in  g e l 
p la te s .
P r o te in  s a m p le s  w e re  b o ile d  f o r  5 min in  sam p le  b u f f e r ,  
im m ed ia te ly  lo a d e d  o n to  th e  g e l a n d  e le c tr o p h o r e s e d  in  t a n k  b u f f e r  a t  
40-60m A  f o r  3 h r  o r  8 -12  mA o v e r n ig h t .  Gels w e re  fix e d  b y  s h a k in g  
f o r  45 m in in  m eth an o l:H 20 :a c e tic  a c id , 50:50:7, a n d  e i t h e r  d r ie d  a t
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80°C u n d e r  v a c u u m  o n to  W hatm an f i l t e r  p a p e r  o r s h a k e n  fo r  45 min 
in  E n 3H ance a u to r a d io g r a p h y  e n h a n c e r  a n d  fo r  30 min in  H20 b e fo re  
d r y in g .  D ried  g e ls  w e re  e x p o se d  to  a u to r a d io g r a p h ic  film  e i th e r  a t  
room  te m p e r a tu r e  o r  -70°C ( 'E nH 3a n c e d ' g e ls ) .
20. P rep a ra tio n  of S on ica ted  Calf T hym us DNA (Gel R etardation  A ssay)
A s o lu tio n  of c a lf  th y m u s  DNA in  H20  (a p p ro x im a te ly  5m g/m l) w as
s o n ic a te d  u s in g  a p ro b e  s o n ic a to r  t h r e e  tim es  fo r  30 se c  a t  100W, w ith  
30 se c  i n te r v a l s  on  ice . T he s o n ic a te d  DNA w as s e q u e n t ia l ly  e x tr a c te d  
t h r e e  tim es  w ith  p h e n o l fo llow ed  b y  th r e e  tim es  w ith  e th e r ,  th e n  
d ia ly s e d  o v e r n ig h t  a g a in s t  1 l i t r e  of H20 . T he A b s o rb a n c e  a t  260nm 
w as m e a s u re d  a n d  th e  DNA c o n c e n t r a t io n  w as a d ju s t e d  a s  r e q u i r e d  
w ith  H20  p r io r  to  s to r a g e  a t  -20°C (1 A b s o rb a n c e  u n i t  a t  260nm is 
e q u iv a le n t  to  50fig /m l d o u b le  s t r a n d e d  DNA).
21. P rep a ra tio n  o f D en atu red  DNA (S o u th e rn  B lo ts)
C alf th y m u s  o r  sa lm on  sp e rm  DNA, u s e d  a s  a  c a r r i e r  in  DNA:DNA 
a n d  RNA:DNA p r e h y b r id i s a t i o n  a n d  h y b r id i s a t io n  b u f f e r s ,  w as p r e p a r e d  
b y  d is s o lv in g  th e  d o u b le - s t r a n d e d  DNA in  s te r i l e  H20 a t  a 
c o n c e n t r a t io n  o f 2 -5 m g /m l a n d  b o ilin g  fo r  15 m in. T he r e s u l t in g  
s o lu t io n  of d e n a tu r e d  DNA w as s to r e d  a t  4°C.
22. P rep a ra tio n  o f  A c tiv a ted  Calf T hym us DNA (ATPase A ssa y )
C alf th y m u s  DNA w as d is s o lv e d  in  lOmM T ris.H C l (pH 7.5) a n d  5mM 
MgCl2 a t  a  c o n c e n t r a t io n  o f 2 .5m g/m l a n d  in c u b a te d  w ith  p a n c re a t ic  
DNase I  (4 0 n g  DNase I /m g  DNA) a t  60°C f o r  5 min e s s e n t ia l ly  a s  
d e s c r ib e d  b y  M oss (1982). T he DNA w as th e n  e x t r a c te d  w ith  p h e n o l 
a n d  d ia ly s e d  a g a in s t  lOmM T ris.H C l (pH 7.5) o v e rn ig h t .
23. R ad ioactive  L a b ellin g  o f  DNA
(a) 5' e n d  la b e llin g  o f  s in g le - s tr a n d e d  o lig in u c le o t id e s
S y n th e t ic  o lig o n u c le o tid e  (3 0 n g ) w as r e s u s p e n d e d  in  k in a s e  b u f f e r
c o n ta in in g  50pCi of [g am m a-32P]ATP a n d  5 u n i t s  of T4 p o ly n u c le o tid e
k in a s e  in  a  f in a l  vo lu m e of 25/il a n d  in c u b a te d  a t  37°C fo r  2 h r . 4^1
of 0.25M EDTA w as th e n  a d d e d  a n d  th e  m ix tu re  h e a te d  to  65°C fo llow ed
b y  slow  c o o lin g  to  room  te m p e ra tu re .  L a b e lle d  DNA w as s e q u e n t ia l ly
e x t r a c te d  w ith  p h e n o l  a n d  c h lo ro fo rm . T he  DNA w as p r e c ip i t a te d  w ith
e th a n o l ,  ly o p h il is e d , r e s u s p e n d e d  in  a n  a p p r o p r ia t e  vo lum e of TE
b u f f e r  a n d  s to r e d  a t  -20°C.
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(b )  3' e n d  la b e l l in g  o f s in g l e - s t r a n d e d  o lig o n u c le o tid e s
S y n th e t ic  o lig o n u c le o tid e  (3 0 n g ) w as r e s u s p e n d e d  in  ta i l in g  b u f f e r  
c o n ta in in g  40 fiCi of [a-32p]dA TP a n d  25 u n i ts  of te rm in a l d e o x y -
n u c le o t id e  t r a n s f e r a s e  in  a f in a l  vo lum e of 30/d a n d  in c u b a te d  a t  18°C
f o r  l h r ,  t h e n  s e q u e n t ia l ly  e x t r a c te d  w ith  p h e n o l a n d  c h lo ro fo rm  a n d  
p r e c ip i t a te d  w ith  e th a n o l .  T he ly o p h il is e d  p e lle t  w as r e s u s p e n d e d  in  an  
a p p r o p r i a t e  vo lum e of TE a n d  s to r e d  a t  -20°C.
(c )  I n t e r n a l  L a b e ll in g  o f P la sm id  DNA b y  N ick T ra n s la t io n
P la sm id  DNA (1 0 0 -2 0 0 n g ) w as r a d io la b e l le d  b y  n ic k - t r a n s la t io n  
(R ig b y  e t  al. 1977) in  th e  p r e s e n c e  of 20pCi e a c h  of [a-32p]dG TP a n d  
[a-32p]dC T P. I n c u b a t io n  w as in  a  f in a l  vo lum e of 25/il NT b u f f e r  
(50mM T ris.H C l (pH 7 .5 ), lOmM MgCl2, ImM DDT, 40/iM dATP, 40/iM dTTP, 
50 /jg /m l BSA) w ith  5 x l0 " 7/jg /m l DNase I a d d e d  fo r  5 m in u te s  a t  37°C
fo llo w ed  b y  1 u n i t  o f E .c o li  DNA p o ly m e ra s e  I  f o r  a  f u r t h e r  2 -3 h r  a t
14°C. T he  vo lum e w as b r o u g h t  to  125pl w ith  H20 , e x tr a c te d  w ith  
p h e n o l a n d  th e  a q u e o u s  p h a s e  lo a d e d  o n to  a  S e p h a d e x  G-50 colum n in  
o r d e r  to  s e p a r a te  la b e lle d  p la sm id  DNA from  u n in c o r p o r a te d  
n u c le o t id e s .
(d )  I n t e r n a l  L a b e ll in g  o f P la sm id  DNA b y  P r im e r  E x te n s io n
T he  m e th o d  u s e d  w as a s  d e s c r ib e d  b y  F e in b e r g  a n d  V o g e ls te in , 
1983. 1 0 -1 0 0 n g  of p la sm id  DNA w as b o ile d  f o r  10 min in  20/j1 H20  a n d  
s u b s e q u e n t ly  r e a c te d  o v e r n ig h t  in  th e  p r e s e n c e  o f 20/ig BSA, 50/iCi [ a -  
32p]dGTP p lu s  2/iM dC T P (o r  50/iCi [a-32p]dC TP p lu s  2/jM dGTP) a n d  2 
u n i t s  o f l a r g e  f r a g m e n t  o f E.coli. DNA p o ly m e ra se  I  in  a  f in a l  vo lum e 
of 50/d (5xPE b u f f e r  is  2A:5B:3C, w h e re  A= 1.2M T ris.H C l (pH 8.0), 
120mM MgCl2, 0.2M p -m e rc a p to e th a n o l,  0.4mM dATP, 0.4mM dT T P , B= 2M 
Hepes.NaOH (pH 6 .6) a n d  C= 50 A26o u n i t s  d (N )6 ra n d o m  h e x a n u c le o tid e  
p r im e rs  in  556/liI TE). L a b e lle d  DNA w as s e p a r a te d  from  u n in c o r p o r a te d  
t r i p h o s p h a te  a s  d e s c r ib e d  f o r  n ic k  t r a n s l a t e d  p la sm id s .
24. S o u th e r n  T r a n s f e r  o f DNA to  N itro c e llu lo se
R e s t r ic t io n  e n z y m e  d ig e s te d  DNAs f o r  S o u th e rn  t r a n s f e r  ( S o u th e rn ,  
1975) w e re  r u n  on  a g a ro s e  g e ls  in  lxL B . F o llow ing  e le c tr o p h o r e s i s  th e  
g e l w as d e n a tu r e d  f i r s t  in  Gel S oak  I  f o r  l h r  th e n  n e u t r a l i s e d  in  Gel 
S o ak  I I  f o r  l h r .  T he  DNA w as b lo t te d  o v e r n ig h t  o n to  a p r e - s o a k e d  
n i tro c e l lu lo s e  m em b ran e  u s in g  6xSSC, a w ick  of W hatm an 3mm p a p e r  
a n d  a  w e ig h te d  c a p i l la r y  s ta c k  o f a b s o r b e n t  p a p e r  to w e llin g . T he f i l t e r  
w as t h e n  a i r  d r ie d  a n d  b a k e d  a t  80°C f o r  2 h r  in  a  v a c u u m  o v e n  p r io r
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to hybridisation.
25. E lec tro b lo t T ra n sfe r  o f P ro te in  to  N itroce llu lo se
P o ly p e p tid e s  fo r  e le c tr o b lo t  t r a n s f e r  (T ow bin  e t  al., 1979) w ere  
e le c t r o p h o r e s e d  on S D S -p o ly a c ry la m id e  m in i-g e ls . T he g e l w as w a sh e d  
f o r  a  few  m in u te s  in  e le c t r o b lo t t in g  b u f f e r  to  rem o v e  th e  SDS th e n  
p la c e d  on W hatm an 3MM p a p e r .  T he to p  s u r f a c e  of th e  g e l w as c o v e re d  
w ith  a  p r e - s o a k e d  n i tro c e l lu lo s e  m em b ran e  p lu s  m ore 3MM p a p e r  a n d  
th e  w ho le  a s se m b ly  i n s e r t e d  in to  a  B io -R ad  'M ini T ra n s -B lo t  C ell', 
fo llo w in g  th e  m a n u f a c tu r e r s  in s t r u c t io n s .  P o ly p e p tid e s  w e re  e le c tr o ­
b lo t te d  o n to  th e  n i t ro c e l lu lo s e  m em b ran e  e i t h e r  fo r  2 h r  a t  150mA o r 
o v e r n ig h t  a t  40mA.
26. DNAiDNA h y b r id isa t io n
N itro c e llu lo s e  m e m b ra n e s  w e re  in c u b a te d  in  p la s t ic  b a g s  w ith  100ml 
of p r e h y b r id i s a t i o n  b u f f e r  a n d  s h a k e n  f o r  l - 3 h r  a t  65°C. T he p ro b e  
w as p r e p a r e d  b y  d e n a tu r in g  107-1 0 8 cpm  of n ic k  t r a n s la t e d  DNA in  
0.2M NaOH ( f in a l  vo lu m e 1.2ml) fo r  10 min n e u t r a l i s e d  w ith  HC1 b e fo re  
a d d in g  8.8ml h y b r id i s a t io n  b u f f e r .  P r e h y b r id is a t io n  b u f f e r  w as 
r e p la c e d  w ith  th e  h y b r id i s a t io n  b u f f e r  c o n ta in in g  th e  d e n a tu r e d ,  
la b e l le d  DNA a n d  th e  m e m b ra n e s  in c u b a te d  w ith  s h a k in g  a t  65°C 
o v e r n ig h t .  T h e y  w e re  t h e n  w a s h e d  th r e e  tim es  f o r  30 min in  
lxSSC/0.25Sls SDS a t  65°C a n d  f in a l ly  b lo t te d  d r y  w ith  t i s s u e  p a p e r  a n d  
e x p o s e d  to  a u to r a d io g r a p h ic  film .
27. P ro te in  D etection  u s in g  A n tib od ies
N itro c e llu lo s e  m em b ra n e s  w e re  in c u b a te d  w ith  b lo c k in g  b u f f e r  
(1%BSA in  TB ST), w h i ls t  s h a k in g  f o r  30 m in a t  room  te m p e ra tu re .  
P r im a ry  r a b b i t  a n t i - s e r a  w e re  d i lu te d  1 :40-1:50 in  TBST a n d  p la c e d  
w ith  th e  m e m b ra n e s  in  sm all b a g s  a n d  in c u b a te d  fo r  4 -1 5 h r  w ith  
c o n s ta n t  a g i ta t io n . T he m em b ran e s  w e re  w a sh e d  t h r e e  tim es  fo r  10 
m in in  TBST th e n  in c u b a te d  w ith  H o rse  R a d ish  P e ro x id a s e  (H R P)- 
c o n ju g a te d  a n t i - r a b b i t  IgG  a n t i - s e r u m  d i lu te d  1:2500 in  TBST fo r  30 
m in - lh r .  A f te r  w a s h in g  a g a in  a n d  a llo w in g  th e  m em b ran e s  to  d r y  
b r ie f ly ,  p r o te in :a n t ib o d y  r e c o g n i t io n  w as v is u a l is e d  b y  th e  a d d it io n  of 
HRP c o lo u r  d e v e lo p m e n t s o lu tio n  (P ro m e g a ). O nce th e  d e s i r e d  
i n te n s i t y  o f c o lo u r  w as r e a c h e d ,  m em b ran e s  w e re  w a sh e d  th o ro u g h ly  in  
r u n n in g  d e io n is e d  H2O th e n  a i r  d r ie d  a n d  s to r e d  in  th e  d a r k ,  w ra p p e d  
in  p la s t ic  a n d  a lum in ium  fo il.
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28. F r a c t io n a t io n  o f I n f e c te d  C ells f o r  P r o te in  L o c a lisa tio n  S tu d ie s
C ells w e re  f r a c t io n a te d  b y  a p r o c e d u r e  m od ified  from  th a t  
d e s c r ib e d  b y  D ignam  e t  al. (1983).
BHK ce ll m o n o la y e rs  in  90mm t i s s u e  c u l tu r e  d is h e s  w ere  in fe c te d  
w ith  5-10  p f u /c e l l  of tsK o r  tsK re c o m b in a n t  v i r u s e s  a t  38.5°C a n d  
la b e l le d  w ith  1 0 0 fjC i/p la te  of [35S ]-L -m e th io n in e  a s  d e s c r ib e d  in  
R e s u lts .  T he c e lls  w e re  th e n  h a r v e s t e d  a n d  w a sh e d  in  PBS. S .f . cell 
m o n o la y e rs  in  90mm t i s s u e  c u l tu r e  d is h e s  w e re  in fe c te d  w ith  5-10 
p f u /c e l l  of w t  o r  r e c o m b in a n t  AcNPV a t  28°C, la b e lle d  w ith  lOO^iCi of 
[35S ] -L -m e th io n in e  a t  2 4 h r  p o s t- in f e c t io n  a n d  a t  3 0 h r th e  ce lls  
h a r v e s t e d  a n d  w a s h e d  in  T r is  S a lin e .
A sam p le  o f th e  w a s h e d  c e lls  w as re m o v e d  a n d  ly s e d  d i r e c t ly  in  
sam p le  b u f f e r  p r o v id in g  a n  e x t r a c t  c o n ta in in g  to ta l  c e llu la r  p r o te in s .  
T he  re m a in in g  c e lls  w e re  p e l le te d  a n d  r e s u s p e n d e d  in  0.1ml of b u f f e r  
A o r  RSB th e n  NP40 a d d e d  to  0.5% a n d  th e  c e lls  ly s e d  on ice  fo r  10 
m in. T h e  n u c le i  w e re  p e l le te d  b y  c e n t r i f u g a t io n  a t  12000rpm  (MSE 
m ic ro fu g e )  a n d  th e  s u p e r n a t a n t  r e t a in e d  a s  th e  c y to p la sm ic  f r a c t io n . 
T he n u c le i  w e re  e i t h e r  r e s u s p e n d e d  in  H20 , to  g iv e  a to ta l  n u c le a r  
f r a c t io n ,  o r  e x t r a c te d  w ith  0.1ml of b u f f e r  C c o n ta in in g  0.6M NaCl on 
ice  f o r  30 m in t h e n  c e n t r i f u g e d  a t  70000 rp m  f o r  30 min a t  4°C 
(B eckm an  TLA 100.2 r o to r ) .  T he  r e s u l t i n g  s u p e r n a t a n t  a n d  p e lle t  
r e p r e s e n t e d  n u c le a r  e x t r a c t  a n d  n u c le a r  p e lle t  r e s p e c t iv e ly .
F o r  SDS-PAGE a n a ly s i s ,  sa m p le s  of c y to p la sm ic  a n d  n u c le a r  
e x t r a c t s  a n d  n u c le a r  p e l le t  w e re  ly s e d  in  sam p le  b u f f e r  ( f in a l cone  
lx ) .
29. P rep a ra tio n  o f In fe c te d  Cell E x tra c ts  fo r  B iochem ical S tu d ie s
BHK a n d  S .f .  ce ll m o n o la y e rs  w e re  in f e c te d  , la b e lle d  a n d  
h a r v e s t e d  a s  a b o v e .
(a ) C ytop lasm ic e x tr a c ts
C ells w e re  r e s u s p e n d e d  in  RSB (0.1m l/90m m  d is h ,  0.3m l/140m m  
d is h )  t h e n  NP40 a d d e d  to  0.5% a n d  th e  c e lls  ly s e d  on ice  f o r  10 min. 
T he  n u c le i  w e re  re m o v e d  b y  c e n t r i f u g a t io n  a t  6500 rp m  (m ic ro ­
c e n t r i f u g e )  f o r  2 m in a n d  th e  s u p e r n a t a n t  r e t a in e d ,  f l a s h - f r o z e n  in  a 
b a th  o f so lid  C 02 a n d  m e th a n o l a n d  s to r e d  a t  -7 0 oC a s  c y to p la sm ic  
e x t r a c t .  T h e  n u c le i  w e re  p e lle te d  a t  12000 rp m  fo r  2 m in, th e n  
e x t r a c te d .
(b )  N u clear e x tr a c ts
P e l le te d  n u c le i  w e re  r e s u s p e n d e d  in  b u f f e r  C (0.1m l/90m m  d is h ,  
0 .3m l/140m m  d is h )  a n d  p r o te in s  e lu te d  on  ice  f o r  30 m in. T he
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e x t r a c te d  n u c le i  w ere  c e n t r i f u g e d  a t  70000 rp m  fo r  30 min a t  4°C 
(B eckm an  TLA 100.2 r o to r )  a n d  th e  s u p e r n a t a n t  f la s h  f ro z e n  a n d  
s to r e d  a t  -70°C a s  n u c le a r  e x tr a c t .
(c )  T otal c e llu la r  e x tr a c ts
C ells w e re  r e s u s p e n d e d  d i r e c t ly  in  b u f f e r  C c o n ta in in g  0.6M NaCl 
(0.1m l/90m m  d is h ,  0.3m l/140m m  d is h )  th e n  NP40 a d d e d  to  0.5% a n d  th e  
c e lls  in c u b a te d  on ice  fo r  30 m in. F o llow ing  c e n tr i f u g a t io n  a t  70000 
rp m  f o r  30 min a t  4°C (B eckm an  TLA 100.2 r o to r )  th e  s u p e r n a t a n t  w as 
r e t a in e d ,  f la s h  f ro z e n  a n d  s to r e d  a t  -70°C a s  to ta l  c e llu la r  e x tr a c t .
All e x t r a c t s  r e t a in e d  e n z y m a tic  a c t iv i ty  f o r  a t  le a s t  12 m o n th s .
(d ) D ia ly sis  o f H igh S a lt E x tra cts
P r io r  to  p h o s p h o c e l lu lo s e  co lum n c h ro m a to g ra p h y  i t  w as n e c e s s a r y  
to  r e d u c e  th e  NaCl c o n c e n t r a t io n  of n u c le a r  a n d  to ta l  c e llu la r  e x tr a c t s .  
E x t r a c ts  w e re  d ia ly s e d  a g a in s t  a  4 0 0 -fo ld  e x c e s s  of colum n b u f f e r  B 
c o n ta in in g  50mM NaCl f o r  2 - 3 h r  a t  4°C, w ith  one  c h a n g e  of b u f fe r .  
D ia ly se d  e x t r a c t s  w e re  c e n t r i f u g e d  b r ie f ly  (5 m in, MSE m ic ro fu g e )  to  
re m o v e  a n y  p r e c ip i t a te  p r io r  to  lo a d in g  o n to  p h o s p h o c e llu lo s e  co lum ns.
30. P rep a ra tio n  o f  In fe c te d  Cell E x tra c ts  fo r  Im m unoprecip itation
BHK c e ll m o n o la y e rs  in  35mm t i s s u e  c u l tu r e  d is h e s  w e re  in fe c te d  
w ith  tsK  o r  tsK re c o m b in a n t  v i r u s e s  a t  38.5°C a n d  la b e lle d  a s  
in d ic a te d  a t  6 -8 h p i  w ith  20pCi o f [35S ]-L -m e th io n in e . At 8 -1 0 h p i th e  
p la te s  w e re  w a s h e d  w ith  ic e -c o ld  PBS a n d  th e  c e lls  s c r a p e d  in to  0.5ml 
of IP  e x tr a c t io n  b u f f e r  (0.1M T ris.H C l (pH 8), 10% g ly c e ro l ,  0.5% NP40,
0.5% so d iu m  d e o x y c h o la te , 0 .2 mM PM SF) a n d  in c u b a te d  a t  4°C f o r  l h r .  
T he  ly s e d  c e lls  w e re  c e n t r i f u g e d  a t  12000 rp m  f o r  15 min (m ic ro ­
c e n t r i f u g e )  a n d  th e  s u p e r n a t a n t  (IP  e x t r a c t )  r e ta in e d ,  f la s h  f ro z e n  a n d  
s to r e d  a t  -70°C  p r io r  to  im m u n o p re c ip ita t io n s .
31. Im m u n op recip ita tion
P r o te in s  w e re  p r e c ip i t a te d  from  IP  e x t r a c t s  b y  a p r o c e d u r e  
m o d ified  from  t h a t  d e s c r ib e d  b y  K e ss le r , 1975.
50pl o f IP  e x t r a c t  w as in c u b a te d  on  ice  f o r  2 h r  w ith  lp l  of 
u n d i lu te d  r a b b i t  a n t i - p e p t id e  a n t is e ru m  ( s u p p l ie d  b y  
Dr M D C h a llb e rg )  t h e n  lOpl of s h e e p  a n t i - r a b b i t  IgG  a n tis e ru m  a d d e d  
a n d  in c u b a t io n  on  ice  c o n tin u e d  f o r  l h r .  F in a lly  50jil of 
Im m u n o p re c ip it in  (f ix e d  S ta p h y lo c o c c u s  a u r e u s  c e lls )  w as a d d e d  a n d  
m ixed on  ice  f o r  l h r  th e n  th e  m ix tu re  c e n t r i f u g e d  a t  12000 rp m  fo r  30
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sec  (m ic ro - c e n t r i f u g e ) .  T he p e lle t  w as w a sh e d  4 tim es b y  r e s u s p e n s io n  
in  0.5ml IP  w a sh  b u f f e r  (0.5M LiCl, 0.1M Tris.H C l (pH 8), 1% p -
m e rc a p to e th a n o l) .  T he f in a l  p e lle t  w as r e s u s p e n d e d  in  50pl of sam ple  
b u f f e r  a n d  b o ile d  f o r  5 m in. F o llow ing  c e n tr i f u g a t io n  a t  12000 rp m  fo r  
5 min ( m ic ro - c e n t r i f u g e )  th e  s u p e r n a t a n t  w as a n a ly s e d  b y  SDS-PAGE. 
L a te r  e x p e r im e n ts  r e v e a le d  th e  u s e  of th e  s h e e p  a n t i - r a b b i t  IgG s te p  
p r io r  to  th e  a d d it io n  of im m u n o p re c ip itin  to  be  u n n e c e s s a r y  a n d  th is  
w as s u b s e q u e n t ly  o m itte d .
32. E s tim a tio n  o f P r o te in  C o n c e n tra tio n
E s tim a te s  o f to ta l  p r o te in  c o n c e n t r a t io n  in  in fe c te d  ce ll e x t r a c t s  
w e re  o b ta in e d  u s in g  B io -R ad  p r o te in  a s s a y  d y e  r e a g e n t .  5^1 of cell 
e x t r a c t  w as d i lu te d  in  1ml of H2O a n d  0.8ml of th is  ta k e n  a n d  m ixed 
w ith  0.2m l o f d y e  r e a g e n t  a n d  l e f t  a t  room  te m p e r a tu r e  fo r  10 min. 
A b s o rb a n c e  a t  595nm  w as m e a s u re d  f o r  e a c h  sam p le  a n d  a lso  fo r  
s im ila r ly  t r e a t e d  BSA s o lu t io n s  of k n o w n  c o n c e n t ra t io n . T o ta l p ro te in  
c o n c e n t r a t io n  of sa m p le s  w as e s t im a te d  from  a p lo t of a b s o rb a n c e  a t  
595nm  a g a in s t  c o n c e n t r a t io n  f o r  th e  BSA s ta n d a r d s .
E s t im a te s  o f to ta l  p r o te in  c o n c e n t r a t io n  in  p h o s p h o c e llu lo s e  colum n 
f r a c t io n s  w e re  o b ta in e d  u s in g  P ie rc e  M icro P ro te in  A ssa y  S y stem . 20pl 
of f r a c t io n  w as d i lu te d  to  a  vo lum e o f 0.5m l w ith  H2O, a n  e q u a l vo lum e 
of a s s a y  r e a g e n t  a d d e d  a n d  th e  m ix tu re  in c u b a te d  a t  60°C f o r  l h r ,  
t h e n  s lo w ly  co o led  to  room  te m p e r a tu r e .  A b s o rb a n c e  a t  562nm w as 
m e a s u re d  f o r  sa m p le s  a n d  BSA s o lu t io n s  of k n o w n  c o n c e n t ra t io n . T o ta l 
p r o te in  c o n c e n t r a t io n  w as e s t im a te d  from  a  p lo t  o f a b s o rb a n c e  a t  
562nm  a g a in s t  c o n c e n t r a t io n  f o r  th e  BSA s ta n d a r d s .
33. F r a c t io n a t io n  o f I n f e c te d  Cell P o ly p e p tid e s
(a )  P h o s p h o c e llu lo s e  C olum n C h ro m a to g ra p h y
W hatm an P l l  p h o s p h o c e l lu lo s e  w as p r e c y c le d  a n d  e q u i l ib r a te d  
a c c o r d in g  to  th e  m a n u f a c tu r e r s  i n s t r u c t io n s  a n d  s to r e d  a t  4°C in  
co lum n b u f f e r  B w ith  O.ISfe sod ium  a z id e  a d d e d .
From  a 2ml s te r i l e  s y r in g e  th e  p lu n g e r  w as re m o v e d  a n d  r e p la c e d  w ith  
a  p lu g  o f s te r i l e  g la s s  wool. T he s y r in g e  w as h e ld  u p r i g h t  a n d  
p h o s p h o c e l lu lo s e  s l u r r y  a d d e d  to  g iv e  a b e d  vo lum e of 2ml. A fte r  
w a s h in g  th o r o u g h ly  w ith  co lum n b u f f e r  B c o n ta in in g  50mM NaCl, 
d ia ly s e d  n u c le a r  o r  to ta l  c e llu la r  e x t r a c t  w as lo a d e d  o n to  th e  co lum n 
a n d  th e  flow  th r o u g h  c o lle c te d  a n d  r e - lo a d e d  tw ice  m ore. T he co lum n 
w as t h e n  w a s h e d  w ith  10ml of b u f f e r  B p lu s  50mM NaCl a n d  p r o te in s  
s u b s e q u e n t ly  e lu te d  w ith  a  15ml l in e a r  g r a d i e n t  o f in c r e a s in g  NaCl
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c o n c e n t r a t io n .  F o r  th is ,  1ml a l iq u o ts  of b u f f e r  B c o n ta in in g  NaCl 
in c r e a s in g  in  25mM s te p s  from  50mM u p  to  400mM w e re  a p p lie d  
s e q u e n t ia l ly  to  th e  co lum n. F in a lly , a 2M w ash  (2ml) w as a p p lie d . 
F r a c t io n s  (u s u a l ly  1ml) w e re  c o lle c te d , f la s h  f ro z e n  a n d  s to r e d  a t  -  
70°C. All p r o c e d u r e s  w e re  c a r r ie d  o u t  a t  4°C.
A c tiv ity  in  th e s e  f r a c t io n s  w as r e t a in e d  fo r  a t  le a s t  10 m o n th s .
(b ) FPLC MONO-Q Io n -E x c h a n g e  C hrom atography
U sin g  a P h a rm a c ia  FPLC a p p a r a tu s ,  a  MONO-Q io n -e x c h a n g e  colum n 
( lm l b e d  v o lu m e) w as e q u i l ib r a te d  w ith  co lum n b u f f e r  B c o n ta in in g  
50mM NaCl. D ia ly se d  in fe c te d  ce ll e x t r a c t  w as a p p lie d  a n d  th e  co lum n 
w a s h e d  w ith  b u f f e r  B p lu s  50mM NaCl. P r o te in s  w e re  e lu te d  w ith  an  
i n c r e a s in g  l in e a r  g r a d i e n t  o f NaCl fro m  50mM u p  to  500mM fo llow ed  b y  
a 1M w a sh . A p p ro x im a te ly  30 lm l f r a c t io n s  w e re  c o lle c te d , f la s h  f ro z e n  
a n d  s to r e d  a t  -70°C.
34. A ssa y  fo r  DNA D ep en d en t ATPase A c tiv ity
DNA d e p e n d e n t  A T Pase a c t iv i ty  w as a s s a y e d  b y  a p r o c e d u r e  
m o d ified  fro m  th o s e  d e s c r ib e d  b y  C ru te  e t  al., (1988) a n d  C la rk  e t  al., 
(1981). R e a c tio n  m ixes (50fil) c o n ta in e d  20mM T ris.H C l (pH 7.5), lOSfe 
g ly c e ro l ,  3.5mM MgCl2, lOOpg/m l BSA, 5mM DTT a n d  0.05mM ATP p lu s  
1.5 fiCi [g am m a-32P]A TP, O .l^g  a c t iv a te d  c a lf  th y m u s  DNA a n d  20fd 
en z y m e  f r a c t io n .  T h e se  w e re  in c u b a te d  a t  33°C fo r  40 min a f t e r  w h ich  
150/il o f 2% a c t iv a te d  c h a rc o a l  in  50mM HCl/5mM H 3 P O 4  w as a d d e d , 
m ixed b y  v o r te x in g  a n d  le f t  to  s ta n d  fo r  5 m in. T he  r e a c t io n s  w e re  
t h e n  c e n t r i f u g e d  f o r  2 m in a t  12000 rp m  a n d  120fil o f th e  s u p e r n a t a n t  
t r a n s f e r r e d  to  a f r e s h  tu b e .  F re e  p h o s p h a te  l ib e r a te d  in to  th e  
s u p e r n a t a n t  b y  th e  h y d r o ly s i s  o f ATP w as c o u n te d  a n d , b y  c o m p a riso n  
w ith  to ta l  r a d io a c t iv i ty  in it ia l ly  p r e s e n t  in  th e  r e a c t io n , th e  am o u n t of 
ATP h y d r o ly s i s  w as c a lc u la te d .
35. A ssa y  fo r  DNA h e lic a se  a c t iv ity
H elicase  a c t iv i ty  w as a s s a y e d  e s s e n t ia l ly  a s  d e s c r ib e d  b y  C ru te  e t  
al. (1988).
H e lica se  s u b s t r a t e  w as p r e p a r e d  b y  r a d io a c t iv e ly  la b e l lin g  30ng  of 
a 45 m er s in g le  s t r a n d e d  o lig o n u c le o tid e  ( s e e  S e c tio n  2B.20) e i t h e r  a t  
th e  5 1 e n d  w ith  T4 p o ly n u c le o tid e  k in a s e  in  th e  p r e s e n c e  o f [gam m a- 
32P]ATP o r  a t  th e  3' e n d  w ith  te rm in a l  d e o x y n u c le o tid e  t r a n s f e r a s e  in  
th e  p r e s e n c e  of [ct-32P]dA TP. L a b e lle d  o l ig o n u c le o tid e  w as th e n  
a n n e a le d  w ith  an  e q u im o la r  am o u n t o f s in g le  s t r a n d e d  M 13m pl8 DNA in
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TM b u f f e r  c o n ta in in g  30mM NaCl. T he m ix tu re  w as f i r s t  h e a te d  to  65°C 
f o r  a  few  m in u te s  th e n  a llow ed  to  cool s low ly  to  room  te m p e ra tu re  a n d  
re m a in  t h e r e  f o r  a t  le a s t  30 m in. T he  a n n e a le d  s u b s t r a t e ,  w h ich
c o n ta in s  a 3' ta i l  (23 n u c le o t id e s  a t  5' e n d  of th e  45m er a re  
c o m p le m e n ta ry  to  M13 w h ils t  th e  re m a in in g  22 n o n -c o m p le m e n ta ry
n u c le o t id e s  fo rm  3 's in g l e - s t r a n d e d  ta i l) ,  w as th e n  p u r i f ie d  b y  ge l 
e x c lu s io n  c h ro m a to g ra p h y  on a B io -g e l A1.5m a g a ro s e  b e a d  colum n.
A s e c o n d  h e lic a s e  s u b s t r a t e ,  w ith o u t  a 3' ta i l  ( u s e d  in  a s s a y in g  
h e lic a s e  a c t iv i ty  of th e  UL9 p r o te in )  w as p r e p a r e d  b y  f i r s t  a n n e a l in g  
a 17 m er s in g le  s t r a n d e d  o lig o n u c le o tid e  ( u n iv e r s a l  s e q u e n c in g  p r im e r)  
to  s in g le  s t r a n d e d  M 13m pl8 DNA a s  d e s c r ib e d  a b o v e . T he 3' e n d  of th e
o l ig o n u c le o t id e  w as la b e l le d  w ith  T7 DNA p o ly m e ra s e  in  th e  p r e s e n c e  of
[ a - 32P ]dC T P  a n d  u n la b e l le d  dGTP fo llow ed  b y  a c h a se  in  th e  p r e s e n c e  
of u n la b e l le d  dC T P. L a b e lle d  s u b s t r a t e  c o n ta in in g  a co m p le m e n ta ry  
r e g io n  e x te n d in g  20bp  w as p u r i f ie d  on  a S e p h a d e x  G-50 colum n.
H elica se  a s s a y  r e a c t io n s  (40jil) c o n ta in e d  20/nl en zy m e f ra c t io n , 
20 n g  of h e lic a s e  s u b s t r a t e  a n d  e i t h e r  4 /j1 of lOx h e lic a s e  b u f f e r  1 
(0.2M T ris.H C l (pH 7 .5 ), 0.1M MgCl2, 5mM DTT, 20mM ATP a n d  lm g /m l 
BSA) o r  8/il o f 5x h e lic a s e  b u f f e r  2 (0.1M T ris.H C l (pH 7.5), 17.5mM 
MgCL, 25mM DTT, 15mM ATP, 0 .5m g /m l BSA a n d  50% g ly c e ro l) . 
I n c u b a t io n  w as f o r  2 h r  a t  37°C a n d  th e  p r o d u c t s  w e re  a n a ly s e d  b y  
e le c t r o p h o r e s i s  t h r o u g h  a  n o n - d e n a tu r in g  10% p o ly a c ry la m id e  g e l 
c o n ta in in g  in  lxT B E .
36. A ssa y  fo r  DNA P rim ase A c tiv ity
DNA p r im a se  a c t iv i ty  w as a s s a y e d  e s s e n t ia l ly  a s  d e s c r ib e d  b y  
C ru te  e t  al. (1989) u s in g  a n  in d i r e c t  p r o c e d u r e  in  w h ich  a n y  RNA 
p r im e rs  fo rm e d  a r e  e lo n g a te d  b y  a DNA p o ly m e ra se  in  th e  p r e s e n c e  of 
a n  a p p r o p r i a t e  la b e l le d  dNTP.
R e a c tio n s  (30/j1) c o n ta in e d  10/j1 en zy m e  f r a c t io n  a n d  6^1 of 5x 
p r im a s e  b u f f e r  (250mM T ris.H C l (pH 8.7), 17.5mM MgCl2, 25mM DTT, 5mM 
ATP, 0 .5 m g /m l BSA, 50% g ly c e ro l)  p lu s  0 .2 |jg  p o ly (d T ) , 22/iM dATP, lfiCi 
[ a - 32P]dA T P a n d  1 u n i t  o f th e  la r g e  f r a g m e n t  o f E .co li DNA p o ly m e ra se
I. I n c u b a t io n  w as a t  37°C f o r  2 h r . R e a c tio n s  w e re  th e n  in c u b a te d  
w ith  0 .5m g /m l p r o te in a s e  K a t  37°C f o r  15 m in a n d  th e  p r o d u c t s  o f th e  
r e a c t io n  s e q u e n t ia l ly  e x t r a c te d  w ith  p h e n o l a n d  c h lo ro fo rm  a n d  
p r e c ip i t a te d  w ith  e th a n o l .  F o llow ing  ly o p h il is a tio n  th e  p r o d u c t s  w e re  
r e s u s p e n d e d  in  fo rm am id e  d y e  mix. S am p les w e re  b o ile d  f o r  2 -3  min 
b e fo r e  a n a ly s is  on  a  d e n a tu r in g  6% p o ly a c ry la m id e  g e l.
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37. A s s a y s  f o r  Protein :D N A  I n te r a c t io n
(a) DNA C ellu lose  Columns
DNA c e llu lo se  co lum ns w e re  u s e d ,  a s  d e s c r ib e d  b y  A lb e r ts  a n d  
H e r r ic k , 1971, to  in v e s t ig a te  th e  DNA b in d in g  p r o p e r t ie s  of p ro te in s  
p r e s e n t  in  p h o s p h o c e l lu lo s e  co lum n f r a c t io n s .
L y o p h ilis e d  s in g l e - s t r a n d e d  DNA c e llu lo se  (S igm a), w as so a k e d  fo r  
3 h r  in  DC b u f f e r  (lOmM T ris.H C l (pH 7 .5 ), 50% g ly c e ro l, 5mM EDTA, 5mM 
p -m e rc a p to e th a n o l) ,  w a sh e d  tw ice  b y  r e s u s p e n s io n  in  th e  sam e b u f f e r  
a n d  s to r e d  a t  -20°C o r  a t  4°C f o r  u p  to  1 m on th .
P r e - s o a k e d  DNA c e llu lo se  w as e q u i l ib r a te d  in  DC b u f f e r  c o n ta in in g  
50mM NaCl a n d  a 5ml d is p o s a b le  B io -R ad  co lum n p r e p a r e d  c o n ta in in g  a 
b e d  vo lum e of 0.3m l. T he  co lum n w as w a s h e d  th o ro u g h ly  w ith  DC 
b u f f e r  p lu s  50mM NaCl, t h e n  w ith  tw o b e d  v o lu m es of th e  sam e b u f f e r  
c o n ta in in g  0 .2 m g /m l BSA f o r  s a tu r a t io n  of n o n - s p e c i f ic  b in d in g  s i te s .  
50-100^1 of p h o s p h o c e l lu lo s e  co lum n f r a c t io n  m ade u p  to  a  f in a l  vo lum e 
of 300/il w ith  DC b u f f e r  c o n ta in in g  50mM NaCl, w as lo a d e d  o n to  th e  
co lum n a n d  th e  f lo w - th r o u g h  c o lle c te d  a n d  r e - lo a d e d  tw ice  m ore. T he 
co lum n w as t h e n  w a s h e d  w ith  0.6ml DC b u f f e r  c o n ta in in g  50mM NaCl 
a n d  s u b s e q u e n t ly  w ith  0.3ml v o ls  of DC b u f f e r  c o n ta in in g  0.1M, 0.2M,
0.3M, 0.6M a n d  2M NaCl. T he e lu a te  from  e a c h  w a sh  w as c o lle c te d  
s e p a r a te ly .  P r o te in s  e lu te d  w e re  p r e c ip i t a te d  w ith  4 v o ls  of a c e to n e , 
ly o p h il is e d  a n d  r e s u s p e n d e d  in  sam p le  b u f f e r  f o r  a n a ly s is  b y  SD S- 
PAGE.
(b )  Gel R etard ation  A ssa y  fo r  B in d in g  to  S in g le -S tr a n d e d  DNA
T h e  m e th o d  u s e d  w as e s s e n t ia l ly  a s  d e s c r ib e d  b y  S c h n e id e r  e t  al. 
(1986).
A s in g le  s t r a n d e d  o lig o n u c le o tid e  (45m er, S e c tio n  2B.20) w as 3 'e n d  
la b e l le d  u s in g  te rm in a l  d e o x y n u c le o tid e  t r a n s f e r a s e  in  th e  p r e s e n c e  of 
[a -32p]dA TP a n d  p u r i f ie d  on  a S e p h a d e x  G-50 co lum n. O .ln g  (5000 
cpm ) o f la b e lle d  o lig o n u c le o tid e  w as in c u b a te d  w ith  2[ig of s o n ic a te d  
c a lf  th y m u s  DNA a n d  lOjil of en zy m e f r a c t io n  in  a  20pl r e a c t io n  mix 
c o n ta in in g  b u f f e r  C p lu s  lOOmM NaCl. I n c u b a t io n  w as a t  25°C fo r  20 
m in t h e n  r e a c t io n s  w e re  m ixed w ith  5fd of GRA d y e s  (25% g ly c e ro l ,  
lOmM DTT, 0.01% BPB in  5xTBE) a n d  lo a d e d  o n to  a n o n - d e n a tu r in g  5-8% 
p o ly a c ry la m id e  g e l r u n  in  lxTB E.
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38. Im m u n o f lu o re s c e n t  S ta in in g  o f P r o te in s  E x p re s s e d  b y  tsK.
R e c o m b in a n t V iru s e s
T he m eth o d  u s e d  fo r  im m u n o flu o re s c e n t s ta in in g  of p ro te in s  
fo llow ed  t h a t  p r e v io u s ly  d e s c r ib e d  b y  R an d a ll a n d  D inw oodie (1986).
BHK ce ll m o n o la y e rs  in  2cm x 2cm t i s s u e  c u l tu r e  s lid e  c h a m b e r
w ells w e re  in f e c te d  a t  a  moi of 10 p f u /c e l l  w ith  w t  HSV-1, tsK  o r  tsK 
re c o m b in a n t  v i r u s e s  a t  38.5°C. 8 -1 0 h r  p o s t- in f e c t io n ,  m edium  w as
re m o v e d  from  th e  w ells  a n d  th e  c e lls  w a sh e d  w ith  PBS. T he ce lls
w e re  t h e n  f ix e d  w ith  5% fo rm a ld e h y d e /2 %  s u c r o s e  in  PBS f o r  10 min a t  
room  te m p e r a tu r e ,  w a s h e d  3 tim es  w ith  PBS p lu s  1% NBCS a n d  th e n  
p e rm e a b il is e d  w ith  0.5% NP40/10%  s u c r o s e  in  PBS p lu s  1% NBCS fo r  5 
min a t  room  te m p e r a tu r e .  F o llow ing  p e rm e a b il is a tio n , th e  c e lls  w ere  
w a s h e d  a s  b e fo r e  a n d  b r ie f ly  a i r  d r ie d .  50-100pl of a 1:40 d i lu tio n  of 
a n ti-U L 5 , a n ti-U L 8 , a n ti-U L 9  o r  a n ti-U L 5 2  a n tis e ru m  ( s u p p l ie d  b y  
D r M D C h a llb e rg )  in  PBS p lu s  1% NBCS w as a p p lie d  to  th e  ce lls  a s  
r e q u i r e d  a n d  in c u b a te d  a t  room  te m p e r a tu r e  fo r  l h r ,  s h a k in g  
o c c a s io n a lly . T he c e lls  w e re  t h e n  w a s h e d  3 tim es  a s  b e fo re , b r ie f ly  a ir  
d r ie d  a n d  50-100fd o f a  1:30 d i lu t io n  o f sw in e  a n t i - r a b b i t /F I T C
c o n ju g a te d  a n t i s e ru m  (S igm a C hem ical C o .L td .) in  PBS p lu s  1% NBCS 
a p p lie d  f o r  l h r  a t  room  te m p e r a tu r e .  A f te r  a  f in a l  3 w a sh e s  w ith  PBS 
p lu s  1% NBCS a n d  co m p le te  a i r  d r y in g ,  th e  c h a m b e r  w ells w ere  
re m o v e d  fro m  th e  s lid e  a n d  th e  c e lls  m o u n te d  in  90% g ly c e ro l  in  PBS 
u s in g  a g la s s  c o v e rs l ip .
S lid e s  w e re  t h e n  v ie w e d  u n d e r  t h e  x25 a n d  x40 o b je c t iv e s  of a 
L e itz  f lu o r e s c e n c e  m ic ro sc o p e  a n d  p h o to g ra p h e d  on K odak T r iX -p a n  
400 b la c k  a n d  w h ite  35mm film .
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CHAPTER 3: RESULTS
As d e s c r ib e d  in  th e  I n t r o d u c t io n ,  in  1988 C h a llb e rg  a n d  h is  
c o lle a g u e s  r e p o r t e d  th e  id e n t if ic a t io n  o f a  s e t  of s e v e n  HSV-1 o p en  
r e a d in g  f ra m e s  (ORFs) w h ic h  a r e  n e c e s s a r y  a n d  s u f f ic ie n t  f o r  o r ig in -  
d e p e n d e n t  HSV-1 DNA s y n th e s i s  in  t i s s u e  c u l tu r e ,  i.e . ORFs UL5, UL8, 
UL9, UL29, UL30, UL42, a n d  UL52 (Wu e t  al., 1988; McGeoch e t  al., 
1988; See I n t r o d u c t io n ,  S e c tio n  1C.2 (a )) .
T he  p r o te in  p r o d u c t s  o f t h r e e  of th e s e  g e n e s  h a d  a l r e a d y  b e e n  
r e c o g n is e d  in  HSV-1 in fe c te d  c e lls  a n d  b e e n  r e la t iv e ly  w ell 
c h a r a c te r i s e d .  T h e se  w e re  th e  s in g l e - s t r a n d e d  DNA b in d in g  p r o te in ,  
e n c o d e d  b y  UL29, t h e  v i r a l  DNA p o ly m e ra s e , e n c o d e d  b y  UL30, a n d  a 
p o ly p e p t id e  o f a p p a r e n t  Mr  65 000 w h ic h  b in d s  n o n - s p e c if ic a l ly  to  
d o u b le - s t r a n d e d  DNA, e n c o d e d  b y  UL42.
At th e  o u t s e t  o f th e  w o rk  p r e s e n te d  in  th is  th e s i s ,  th e  p ro te in  
p r o d u c t s  of t h e  r e m a in in g  f o u r  g e n e s  h a d  n o t  b e e n  id e n t if ie d ,  
p r e s u m a b ly  d u e  to  t h e i r  lo w e r a b u n d a n c e  in  HSV-1 in fe c te d  ce lls .
3A. EXPRESSION OF UL5, UL8, UL9 AND UL52 ORFs IN tsK
RECOMBINANT VIRUSES
T h e  f i r s t  s e r i e s  o f e x p e r im e n ts  a im ed  to  id e n t i f y  th e  p r o d u c ts  
e n c o d e d  b y  r e p l ic a t io n  g e n e s  UL5, UL8, UL9 a n d  UL52 b y  o v e r ­
e x p r e s s in g  th e s e  ORFs in  BHK c e lls  u s in g  a  h e r p e s  s im plex  v i r u s  
v e c to r .T h e  v i r u s  e x p re s s io n  s y s te m  u s e d  w as b a s e d  on  th e  HSV-1 
t e m p e r a tu r e - s e n s i t i v e  m u ta n t,  tsK. T h is  m u ta n t  h a s  a  le s io n  in  
im m e d ia te -e a r ly  g e n e  3 w h ic h  r e s u l t s  in  o v e rp r o d u c t io n  o f im m ed ia te -  
e a r ly  (IE ) g e n e  p r o d u c t s  a n d  f a i lu r e  to  p r o d u c e  o th e r  c la s s e s  o f 
p r o te in s  a t  t h e  n o n - p e r m is s iv e  te m p e r a tu r e  (N P T )(P re s to n  1979a). To 
g e n e r a te  r e c o m b in a n t  v i r u s e s  r e p l ic a t io n  g e n e s  w e re  in it ia l ly  c lo n e d  
u n d e r  th e  c o n tro l  o f th e  IE3 p ro m o te r  w ith in  th e  c o d in g  re g io n  of a  
p la s m id - b o r n e  c o p y  o f th e  HSV-1 TK g e n e . T he r e s u l t i n g  p la sm id s  w e re  
c o - t r a n s f e c t e d  in to  BHK c e lls  w ith  tsK  DNA a t  th e  p e rm is s iv e  
te m p e r a tu r e  (PT ) to  allow  in s e r t io n  o f th e  r e p l ic a t io n  g e n e  c o n s t r u c t  
in to  th e  TK lo c u s  b y  hom ologous re c o m b in a tio n  a s  i l l u s t r a t e d  in  F ig u re
13. TK d e f ic ie n t  r e c o m b in a n t  v i r u s e s  w e re  s e le c te d ,  p u r i f ie d  a n d  
c h e c k e d  f o r  th e  p r e s e n c e  o f th e  i n s e r t e d  c o p y  o f th e  r e p l ic a t io n  g e n e . 
T h e y  w e re  t h e n  ex am in ed  to  d e te rm in e  w h e th e r  th is  a d d it io n a l  g e n e  













F ig u re  13 . C o n s t r u c t io n  o f  tsK  R ecom binant V iru s e s
The f ig u r e  s c h e m a t ic a l ly  i l l u s t r a t e s  c o n s t r u c t io n  o f  tsK 
re c o m b in a n t v i r u s e s  i n d iv i d u a l l y  e x p re s s in g  HSV-1 DNA r e p l i c a t i o n  
g e n e s . UL5, UL8, UL9 and  UL52 ORFs w ere c lo n e d  dow nstream  o f  th e  IE3 
p ro m o te r  w i th in  a  c lo n e d  copy o f  th e  HSV-1 TK g en e . The r e s u l t i n g  
p la s m id s  and  tsK v i r a l  DNA w ere recom bined  a t  th e  p e rm is s iv e  
te m p e ra tu re  i n  c o - t r a n s f e c t e d  BHK c e l l s ,  and TK- rec o m b in a n t v i r u s e s  
w ere i s o l a t e d  and s c re e n e d  f o r  th e  p re s e n c e  o f  an  i n s e r t e d  g en e . The 
open box w i th in  th e  BanEl p  fra g m en t r e p r e s e n t s  th e  TK ORF and th e  
h a tc h e d  r e g io n ,  th e  IE3 gene p ro m o te r . T r a n s c r ip t io n  o f  i n s e r t e d  
r e p l i c a t i o n  g en es  from  th e  IE3 p ro m o te r  i s  in  th e  same d i r e c t i o n  a s  TK 
( a r r o w s ) .
1. C o n s t ru c t io n  o f P la sm id s  to  Allow I n s e r t i o n  o f UL5, UL8, UL9
a n d  UL52 ORFs In to  t h e  TK L o c u s  o f tsK
F ra g m e n ts  of DNA c o n ta in in g  th e  g e n e s  to  b e  e x p re s s e d  w ere  
c lo n e d  in  th e  c o r r e c t  o r ie n ta t io n  in to  th e  u n iq u e  Xhol s i te  of p lasm id  
p23. T he  c o n s t r u c t io n  of th is  p la sm id , w h ich  w as p ro v id e d  b y  
Dr C M P r e s to n ,  is  d e s c r ib e d  in  F ig u r e  14.
B r ie f ly , p la sm id  p23 c o n s is ts  of a c lo n e d  co p y  of th e  HSV-1 BamHI 
p  f r a g m e n t  in to  w h ic h  h a s  b e e n  i n s e r t e d ,  a t  th e  S s tI  s i te  w ith in  th e  
TK c o d in g  s e q u e n c e ,  a  357bp f r a g m e n t  c o n ta in in g  th e  s e q u e n c e s  
c o r r e s p o n d in g  to  th e  5' e n d , p ro m o te r  a n d  u p s tr e a m  r e g u la to r y  
s e q u e n c e s  o f g e n e  IE 3. T he p ro m o te r  a n d  u p s tr e a m  r e g u la to r y  
s e q u e n c e s  d i r e c t  t r a n s c r i p t i o n  in  th e  sam e d i r e c t io n  a s  th e  TK g e n e  
a n d  th e  u n iq u e  X hol s i t e  l ie s  im m ed ia te ly  d o w n s tre a m  of th is  f ra g m e n t . 
T h e  TK g e n e  p o ly a d e n y la t io n  s i te  is  th e r e f o r e  a v a ila b le  fo r  u s e  if  
c lo n e d  f r a g m e n ts  la c k  t h e i r  ow n p o ly a d e n y la t io n  s ig n a l.
T h e  UL5, UL8, a n d  UL9 ORFs h a d  a l r e a d y  b e e n  c lo n e d  b y  Dr N D 
Stow  in to  th e  u n iq u e  X h o l s i te  of p la sm id  p23, y ie ld in g  p la sm id s  
pU L 59, pC6, a n d  p IE 9  r e s p e c t iv e ly .  T h e se  a r e  d e s c r ib e d  in  T ab le  2.
T h e  UL52 ORF w as s im ila r ly  i n s e r t e d  in to  p23 b y  u t i l iz in g  p lasm id  
pU L522 w h ic h  c o n ta in s  th e  HSV-1 HpaL q  f r a g m e n t  b lu n t - e n d  l ig a te d  
in to  t h e  f i l le d - in  SaR  s i t e  o f th e  v e c to r  p la sm id , pUC8 (F ig u r e  15). 
I n i t ia l  m a n ip u la t io n s  w e re  a im ed  a t  o b ta in in g  th e  UL52 ORF a s  a  BamHI 
f r a g m e n t  a n d  a t  s h o r te n in g  th e  165bp  u n t r a n s la t e d  r e g io n  b e tw e e n  th e  
HpaL s i t e  a n d  th e  i n i t i a to r  c o d o n  f o r  UL52.
H in d l l l  l in e a r i s e d  pU L522 w as d ig e s te d  w ith  e x o n u c le a se  Bal31 fo r  
v a r io u s  tim es  b e tw e e n  2 a n d  20 m in a t  31°C. T he e x te n t  o f d e le tio n  
w as m o n ito re d  b y  r e —d ig e s t io n  of th e s e  DNAs w ith  E cdRI a n d  a g a ro s e  
g e l  e le c t r o p h o r e s i s ,  a s  sh o w n  in  F ig u r e  16. E coB l d ig e s t io n  o f H in d lll  
l in e a r i s e d  pU L522 y ie ld s  tw o la r g e  f r a g m e n ts  of a p p ro x im a te ly  th e  
sam e s iz e  (F ccR I a n d  H in d in -F c o R I  f r a g m e n ts  o f 2450bp a n d  2600bp, 
r e s p e c t iv e ly ) ,  a n d  o n e  sm a lle r  EcdRI-Hin&TLl f r a g m e n t  o f 1230bp. 
N u c le ase  Bal31 d e le t io n  fro m  th e  H zndH I s i t e  w as m o n ito re d  b y  th e  
r e d u c t io n  in  s iz e  o f th e  sm all ITcgRI—H in d ll l  f r a g m e n t  w h ich  w as 
e s t im a te d  u s in g  t f in f l - c u t  pAT153 m o le c u la r  w e ig h t m a rk e r  f r a g m e n ts .  
D ig e s tio n  f o r  14 a n d  20 m in u te s  w ith  Bal31 w as e s t im a te d  to  s h o r te n  
t h e  sm all f r a g m e n t  b y  a p p ro x im a te ly  lOObp. T he e n d s  o f th e  m o lecu les  
d e le te d  b y  th i s  a m o u n t w e re  t r e a t e d  w ith  c a l f - in te s t in a l  p h o s p h a ta s e  
a n d  r e - c i r c u l a r i s e d  b y  l ig a tio n  in  th e  p r e s e n c e  o f p h o s p h o ry la te d  
BamHI 8 b p  l in k e r  o lig o n u c le o tid e s . T he  r e s u l t i n g  m o lecu les  w e re  u s e d
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T a b le  2 . P la sm id s  C o n ta in in g  t h e  UL5, UL8, UL9 and  UL52 ORFs
Column 2 shows n u c le o t id e  c o - o r d in a t e s  o f  th e  UL5, UL8, UL9 and 
UL52 ORFs. The c o - o r d in a t e s  o f  g e n e -c o n ta in in g  fra g m e n ts  s u b -c lo n e d  
i n to  p23 a r e  g iv e n  in  colum n 4 and  th e  r e s t r i c t i o n  s i t e s  f la n k in g  
th e s e  s u b fra g m e n ts  i n  colum n 5 . R ecom binant p la sm id s  d e r iv e d  from  p23 
w hich  w ere u se d  i n  c o - t r a n s f e c t i o n s  w ith  tsK v i r a l  DNA a r e  l i s t e d  in  
colum n 6 .
F ig u re  14 . C lo n in g  o f  ORFs U nder IE C o n tro l
The f i g u r e  i l l u s t r a t e s  (a )  p la sm id  p23 and  (b ) th e  357bp fra g m en t 
c o n ta in in g  th e  IE3 gene p ro m o te r . R e s t r i c t i o n  enzyme s i t e s  and 
n u c le o t id e  p o s i t i o n s  w i th in  th e  HSV-1 genome (McGeoch e t  a l . ,  1988b) 
a r e  i n d i c a t e d .
P la sm id  p23 c o m p rise s  a  copy o f  th e  HSV-1 BanEl p  f ra g m e n t c lo n e d  
i n t o  th e  BanEl s i t e  o f  th e  v e c to r  pAT153. A 357bp fra g m e n t c o n ta in in g  
se q u e n c e s  c o r re s p o n d in g  t o  th e  5 1 u n t r a n s l a t e d  r e g io n ,  p ro m o te r  and  
u p s tre a m  r e g u l a to r y  r e g io n  o f  th e  IE3 gene ( s t r i p e d  r e g io n )  h a s  been  
i n s e r t e d  w i th in  th e  TK c o d in g  r e g io n  ( s t i p p l e d  r e g io n )  su ch  t h a t  a  
u n iq u e  Xhol s i t e  i s  g e n e ra te d  dow nstream  o f  t h e  p ro m o te r . In  a d d i t i o n ,  
a  seco n d  .H in d iII  s i t e  i s  p r e s e n t  a t  th e  o th e r  end o f  t h e  i n s e r t e d  
357bp f ra g m e n t . ORFs to  be e x p re s s e d  w ere c lo n e d  i n t o  th e  Xhol s i t e  i n  
th e  a p p r o p r i a t e  o r i e n t a t i o n .  T r a n s c r ip t io n  from  th e  IE3 p ro m o te r  i s  in  
th e  same d i r e c t i o n  a s  TK (a r ro w ) . The TK p o ly a d e n y la t io n  s i t e  ( c lo s e d  
c i r c l e )  i s  a v a i l a b l e  f o r  u se  i f  c lo n e d  f ra g m e n ts  la c k  t h e i r  own 
p o ly a d e n y la t io n  s i g n a l .  In  ( b ) ,  th e  d i r e c t i o n s  o f  t r a n s c r i p t i o n  
o r i g i n a t i n g  from  th e  IE3 and TK p ro m o te rs  a r e  shown above and  below  
















F ig u re  15 . P lasm id  pUL522
P la sm id  pUL522 c o m p rise s  th e  HSV-1 Hpal q  fra g m en t c lo n e d  in to  th e  
f i l l e d - i n  S a i l  s i t e  o f  th e  v e c to r  pUC8.
F o llo w in g  l i n e a r i z a t i o n  a t  th e  t f i n d l l l  s i t e ,  pUL522 was d ig e s te d  
w ith  e x o n u c le a se  B al 31 and  p r o g r e s s io n  o f  th e  d e l e t i o n  m o n ito re d  by 
r e s t r i c t i o n  enzyme a n a l y s i s .  Key r e s t r i c t i o n  enzyme s i t e s  a r e  l a b e l l e d  
and  in d i c a t e d  by th e  open a rro w s . S s t l l  s i t e s  (m arked by f i l l e d  
a rro w s )  u se d  in  r e s t r i c t i o n  a n a ly s e s  a r e  a l s o  shown and th e  s i z e s  o f 
S s t l l  f ra g m e n ts  g e n e ra te d  a r e  i n d ic a te d .  N u c le o tid e  p o s i t i o n s  w i th in  
t h e  HSV-1 genome f o r  th e  ends o f  th e  Hpal fra g m en t and th e  JPc q R I s i t e  
a r e  a l s o  i n d i c a t e d .  The S s t l l  s i t e  c l o s e s t  t o  th e  H in d l l l  s i t e  l i e s  a t  
n u c le o t id e  108910 in  th e  HSV-1 genome (24bp from  th e  Hpal s i t e ) .








F ig u re  16 . E x o n u c le a se  B al 31 d i g e s t i o n  o f  pUL522
f f i n d l l l  l i n e a r i z e d  pUL522 DNA, d ig e s t e d  f o r  v a r io u s  t im e s  w ith  
e x o n u c le a s e  B al 31, was phen o l e x t r a c t e d  th e n  d ig e s te d  w ith  EcdRl and 
a n a ly s e d  on a  1% a g a ro s e  g e l .  M inu tes o f  e x o n u c le a se  d i g e s t io n  a t  31°C 
a r e  i n d ic a te d  above th e  la n e s .  The s i z e s  o f  H in fl  d ig e s te d  pAT153 
m o le c u la r  w e ig h t m ark er fra g m e n ts  a r e  i n d ic a te d .  D e le t io n  was
m o n ito re d  by th e  r e d u c t io n  in  s i z e  o f  t h e  s m a l le s t  pUL522 fra g m e n t.
to  t r a n s f o r m  c o m p e te n t E .co li DH5 b a c te r i a  to  am p ic illin  r e s i s ta n c e .  
P la sm id s  from  co lo n ie s  w e re  s c r e e n e d  f o r  th e  p r e s e n c e  of tw o BairHI 
s i t e s  a n d  a n  a p p r o p r ia t e  d e g re e  o f Bal31 d e le tio n  u s in g  sm all sc a le  
p la sm id  p r e p a r a t io n s .  One s u c h  p la sm id , p J C l ,  w as a n a ly s e d  in  f u r t h e r  
d e ta i l .
H m d lll  d ig e s te d  p a r e n t  p la sm id , pU L 522, a n d  BarriEI d ig e s te d  p JC l 
w e re  c u t  w ith  EcdRI a n d  th e  p r o d u c t s  a n a ly s e d  b y  a g a ro s e  g e l 
e le c t r o p h o r e s i s .  T h is  r e v e a le d  t h a t  b e tw e e n  60bp  a n d  lOObp of th e  
i n s e r t e d  f r a g m e n t  a d ja c e n t  to  th e  H in d l l l  s i t e  o f pUL522 h a d  b e e n  
d e le te d  in  p la sm id  p J C l  ( F ig u r e  17).
F u r t h e r  r e s t r i c t i o n  a n a ly s e s  on  a n o n - d e n a tu r in g  5% 
p o ly a c ry la m id e  g e l, sh o w n  in  F ig u r e  18, r e v e a le d  t h a t  a n  SsfL I  s i te  
138bp  5' to  th e  in i t ia t io n  c o d o n  of th e  UL52 g e n e  h a d  b e e n  d e le te d  in  
p J C l .  D ig e s tio n  w ith  SsfL I  a n d  Bair&il f a c i l i ta te d  a  m ore p r e c is e  
d e te r m in a t io n  o f th e  e x te n t  o f Bal31 d e le t io n . C o m p ariso n  o f la n e s  2 
a n d  4 in  F ig u r e  18 r e v e a ls  th e  lo s s  o f a  158bp f r a g m e n t  ( p r e s e n t  in  
pU L 522) fro m  p J C l .  T h is  in d ic a te s  t h e  d e le t io n  o f th e  S s f l l  s i t e  c lo s e s t  
to  th e  H in d l l l  s i t e  o f pU L522 ( F ig u r e  15). T he  g e n e ra t io n  of a  n o v e l 
B an& il-SsfL I  f r a g m e n t  in  p J C l  ( F ig u r e  18, la n e  3), e s t im a te d  to  b e  
105bp  in  le n g th ,  d e m o n s t r a te s  th e  re m o v a l o f a p p ro x im a te ly  8 0bp  from  
th e  e n d  o f t h e  H pal f r a g m e n t .
T h e  e n d  p o in t  o f t h i s  d e le t io n  w as d e te rm in e d , b y  
d id e o x y n u c le o t id e  DNA s e q u e n c e  a n a ly s i s .  A 15m er o lig o n u c le o tid e  
p r im e r  ( n u c le o t id e s  109062-109047 o f t h e  HSV-1 g enom e) w as u s e d  to  
d e te rm in e  th e  n u c le o t id e  s e q u e n c e  u p s tr e a m  o f th e  i n i t ia to r  co d o n  of 
g e n e  UL52 in  pU L522 a n d  p J C l .  As sh o w n  in  F ig u r e  19, th e  n u c le o t id e  
s e q u e n c e s  o f pU L522 a n d  p J C l  d iv e r g e  a t  n u c le o t id e  108967. A BanHL 
s i t e  o c c u r s  a t  t h i s  p o in t  in  p J C l ,  m a rk in g  th e  lim it o f Bal31 d ig e s t io n  
a n d  th e  l ig a tio n  o f a  BarrHI  l in k e r .  T h is  in d ic a te s  t h a t  8 4bp  h a v e  b e e n  
d e le te d  fro m  th e  H pal s i t e  le a v in g  a n  u n t r a n s l a t e d  le a d e r  s e q u e n c e  of 
8 1 b p  p r e c e d in g  th e  in i t ia t io n  c o d o n  o f th e  UL52 g e n e .
(a )  C lo n in g  o f t h e  UL52 ORF I n to  p23
5fig o f DNA fro m  a  la r g e  sc a le  p la sm id  p r e p a r a t io n  o f p J C l  w as 
d ig e s te d  w ith  BarrHI . T he  BanHL e n d s  o f th e  f r a g m e n ts  w e re  f il le d  in  
a n d  th e  f r a g m e n t  c o n ta in in g  th e  UL52 g e n e  w as is o la te d  a n d  b lu n t - e n d  
l ig a te d  in to  th e  c u t  a n d  f il le d  in  u n iq u e  XhoL s i t e  o f p la sm id  p23. DH5 





F ig u re  17 . M apping o f  B a l  31 d e l e t i o n  i n  p JC l ( I )
t f i n d l l l  l i n e a r i z e d  pUL522 and BanHI d ig e s te d  pJC l w ere d ig e s te d  
w ith  EcdRl and  th e  f ra g m e n ts  s e p a r a te d  on a  1% a g a ro s e  g e l .  The s i z e s  
o f  H in f l  d ig e s t e d  pAT153 m o le c u la r  w e ig h t m arker f ra g m e n ts  a r e  
i n d i c a t e d .  The re d u c e d  s i z e  o f  th e  s m a l le s t  f ra g m e n t i n  pJC l i n d i c a t e s  
a  d e l e t i o n  o f  60-100bp  o f  th e  i n s e r t e d  f ra g m e n t from  th e  h i n d l l l  s i t e  
o f  pUL522.
221/ 226-  
154/ 145-
75-
F ig u re  1 8 . H apping  o f  B a l  31 d e l e t i o n  i n  p JC l ( I I )
The f i g u r e  shows r e s t r i c t i o n  d i g e s t s  o f  pUL522 and  pJC l s e p a r a te d  
by PAGE. Lane 2) S s t l l  d i g e s t  o f  p JC l, la n e  3) S s t l l /B a m  HI d i g e s t  o f  
p J C l, la n e  4 ) S s t l l  d i g e s t  o f  pUL522. HinEl d ig e s t e d  pAT153 m o le c u la r  
w e ig h t m ark er f ra g m e n ts  a r e  i n d ic a te d  i n  la n e  1 . S iz e s  o f  S s t l l  
f ra g m e n ts  a r e  shown i n  F ig u re  15.
F ig u re  19 . H apping  o f  B al 31 d e l e t i o n  i n  p JC l ( I I I )
The f i g u r e  shows d id e o x y n u c le o t id e  s e q u e n c in g  p e rfo rm e d  on pUL522 
and  p JC l, a s  i n d i c a t e d .  R e a c tio n  p ro d u c ts  w ere r e s o lv e d  on a  6% u r e a -  
d e n a tu r in g  p o ly a c ry la m id e  g e l .  The se q u e n c e s  r e a d  from  th e  p o s i t i o n  o f  
th e  a rro w  ( n u c le o t id e  108980) a r e  shown be low . The e n d -p o in t  o f  th e  
d e l e t i o n  was d e te rm in e d  a s  n u c le o t id e  108967 ( i n d i c a t e d  by th e  open 
d iam o n d ). Beyond t h i s  n u c le o t id e  th e  se q u e n c e s  o f  pUL522 and  p JC l 
d iv e r g e d .  The i n t r o d u c t i o n  o f  a  n o v e l BanRl s i t e  was a p p a re n t  i n  pJC l 
s e q u e n c e .
pJC 1 PUL522 
G A T C G A T C
BamHI
-
N u c le o tid e  Sequence from  P o s i t i o n  108980
pUL522: G G G G A G C G C G C C C C G A G G A A C
o
P JC l: G G G G A G C G C G C C C G G A T C C G G
am p ic illin  r e s i s ta n c e .  C olon ies w e re  p ic k e d  a n d  m in i-p la sm id  DNA 
p r e p a r a t io n s  t e s t e d  f o r  th e  p r e s e n c e  a n d  c o r r e c t  o r ie n ta t io n  of an  
i n s e r t  b y  KpriL a n d  H m d lll  d ig e s t io n  ( F ig u r e  20a). T he p o s it io n  of a 
u n iq u e  KpriL s i t e  w ith in  th e  UL52 ORF r e la t iv e  to  th e  H m d lll  s ite  
im m ed ia te ly  5' of th e  IE3 p ro m o te r  in d ic a te s  th e  o r ie n ta t io n  of th e  
i n s e r t  ( F ig u r e  20b). F ra g m e n ts  of 614 0 b p , 3459bp  a n d  1626bp a re  
p r e d ic te d  w h ich  in d ic a te  th e  c o r r e c t  o r ie n ta t io n  f o r  t r a n s c r i p t i o n  of 
th e  UL52 ORF fro m  th e  IE3 p ro m o te r .  F ra g m e n ts  o f 8715bp , 1626bp a n d  
884bp  in d ic a te  th e  r e v e r s e  o r ie n ta t io n .  P la sm id  p206, w h ich  c o n ta in s  
t h e  UL52 f r a g m e n t  in  t h e  a p p r o p r i a t e  o r ie n ta t io n ,  w as c h o s e n  fo r  
a t te m p te d  re c o m b in a t io n  w ith  tsK ( F ig u r e  20).
2. S e le c tio n  a n d  I s o la t io n  o f tsK  R e c o m b in a n t V iru s e s
T h e  th y m id in e  a n a lo g u e  5 'b ro m o -d e o x y c y t id in e  (BCdR) c a n  b e  u s e d  
to  s e le c t  f o r  th e  g ro w th  o f TK d e f ic ie n t  HSV. T he v i r a l ,  b u t  n o t  th e  
h o s t  TK, is  c a p a b le  o f p h o s p h o r y la t in g  BCdR g e n e r a t in g  B rdC T P w h ich  
in h ib i t s  v i r a l  r e p l ic a t io n .  B e c a u se  BCdR is  n o t  p h o s p h o r y la te d  in  ce lls  
in f e c te d  w ith  TK d e f ic ie n t  HSV, v i r u s  r e p l ic a t io n  is  n o t  in h ib i te d .  TK 
d e f ic ie n t  v i r u s e s  a r i s in g  fro m  h o m o lo g o u s  re c o m b in a t io n  b e tw e e n  th e  
p 2 3 - d e r iv e d  p la s m id s , w h ic h  c a r r y  a n  i n t e r r u p t e d  TK g e n e , a n d  th e  
BamHI p  r e g io n  o f t h e  tsK gen o m e w e re  t h e r e f o r e  s e le c te d  a n d  
e n r i c h e d  f o r  b y  p a s s a g in g  in  th e  p r e s e n c e  o f BCdR.
D u p lic a te  s e t s  o f c o n f lu e n t  m o n o la y e rs  o f BHK c e lls  in  50mm P e t r i  
d i s h e s  w e re  c o - t r a n s f e c t e d ,  u s in g  th e  ca lc ium  p h o s p h a te  p r e c ip i ta t io n  
m e th o d  (C o rsa lo  a n d  P e a r s o n  1981), w ith  tsK  v i r a l  DNA a n d  r e s t r i c t i o n  
e n z y m e  c u t  p la sm id  DNA. P la sm id s  pU L 59, pC6, a n d  p206 w e re  c u t  w ith  
Ba/riHI w h ic h  c le a v e s  a t  e i t h e r  e n d  o f th e  i n s e r t e d  BarrHIp  f ra g m e n t . 
B e c a u se  th e  UL9 g e n e  c o n ta in s  a  Ba/riHI s i t e ,  p la sm id  p IE 9  w as 
l in e a r i s e d  w ith in  t h e  v e c to r  s e q u e n c e s  w ith  S ea l. F o llow ing  t r e a tm e n t  
o f t h e  t r a n s f e c t e d  c e lls  w ith  20Sfc DM SO s o lu tio n  a t  4 h r  p o s t ­
t r a n s f e c t i o n  o n e  s e t  o f m o n o la y e rs  w as o v e r la id  w ith  lxBHK m edium  
s u p p le m e n te d  w ith  5% n e w b o rn  c a lf  s e ru m  ( s e t  A), a n d  th e  re m a in in g  
s e t  ( s e t  B) o v e r la id  w ith  th e  sam e m edium  p lu s  2% h u m an  se ru m .
A f te r  3 d a y s  in c u b a t io n  a t  31°C s e t  B w e re  s ta in e d  w ith  Giem sa 
a n d  ex a m in ed  f o r  t h e  p r e s e n c e  o f p la q u e s .  P la q u e s  w e re  o b s e r v e d  on  
th e  m o n o la y e rs  c o - t r a n s f e c t e d  w ith  tsK  v i r a l  DNA a n d  e a c h  o f th e  c u t  
p la sm id  DNAs o r  t r a n s f e c t e d  w ith  tsK  v i r a l  DNA a lo n e . T h e r e f o r e ,  tsK  
DNA is  in f e c t io u s  a n d  i t s  a b i l i ty  to  g iv e  r i s e  to  p r o g e n y  is  n o t
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F ig u re  20 . C lo n in g  o f  t h e  UL52 ORF i n t o  p23
K p n l /H in d l l l  d i g e s t i o n  o f  m in i-p la s m id  DNAs p re p a re d  from  c o lo n ie s  
o b ta in e d  fo l lo w in g  t r a n s f o r m a t io n  w ith  th e  p r o d u c ts  o f  l i g a t i o n  
be tw een  th e  i n s e r t - c o n t a i n i n g  BanEl f ra g m e n t o f  p JC l and  p la sm id  p23 
i s  shown in  p a r t  a .  L anes 2 -16  r e s p e c t i v e l y  c o n ta in  m in i-p la s m id  p re p s  
p 2 0 1 , 202, 204, 206, 207, 209, 211, 213, 214, 217, 218, 220, 221, 222
and 224. Lane 1 c o n ta in s  H in d iI I  d ig e s te d  p23 w hich  y i e l d s  f ra g m e n ts  
o f  5970bp and  1626bp ( F ig u re  1 4 ) . No Kpnl s i t e s  a r e  p r e s e n t  w i th in  
p23 . The p o s i t i o n  o f  a  u n iq u e  Kpnl s i t e  w i th in  th e  UL52 ORF r e l a t i v e  
t o  th e  H in d l l l  s i t e  a t  th e  5 ' end o f  th e  IE3 gene c o n t r o l  r e g io n  
r e v e a l s  t h e  o r i e n t a t i o n  o f  th e  i n s e r t ,  a s  i n d ic a te d  by th e  map in  p a r t  
b , i n  w hich  th e  s i z e s  (bp ) o f  p r e d i c te d  f ra g m e n ts  a r e  shown. The IE3 
p ro m o te r  r e g io n  i s  h a tc h e d  and  th e  d i r e c t i o n  o f  th e  UL52 ORF 
i n d i c a t e d .  P la sm id  p206, w hich  e x h i b i t s  th e  c o r r e c t  o r i e n t a t i o n  (p a n e l 
i ) ,  was u se d  in  s u b s e q u e n t c o - t r a n s f e c t i o n  e x p e r im e n ts .
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in h ib i te d  b y  th e  c u t  p la sm id  DNAs. As e x p e c te d , no p la q u e s  w e re  
o b s e r v e d  on  m o n o la y e rs  t r a n s f e c t e d  o n ly  w ith  c u t  p lasm id  DNA.
T he  c e lls  a n d  m edium  from  th e  p la te s  in  s e t  A w e re  h a r v e s t e d  a n d  
s o n ic a te d  a n d  th e  v i r u s  p r o g e n y  t i t r a t e d  a t  31°C, in  d u p l ic a te ,  on  BHK 
ce ll m o n o la y e rs  in  35mm P e t r i  d is h e s .  A f te r  v i r u s  a b s o rp t io n ,  one  s e t  
o f m o n o la y e rs  w as o v e r la id  w ith  EC5Hu2 a n d  th e  o th e r  s e t  w ith  th e  
sam e m edium  a d d it io n a l ly  s u p p le m e n te d  w ith  lOOf/g/ml BCdR. T h is  
a llo w ed  d e te rm in a t io n  o f to ta l  v i r u s  p r o g e n y  a n d  TK d e f ic ie n t  p r o g e n y  
r e s p e c t iv e ly .
A f te r  3 d a y s  th e  m o n o la y e rs  w e re  s ta in e d  a n d  p la q u e s  c o u n te d . 
A p p ro x im a te ly  0.5% o f th e  v i r u s  p r o g e n y  fro m  c e lls  c o - t r a n s f e c t e d  w ith  
tsK a n d  th e  p la sm id  DNAs w e re  TK d e f ic ie n t ,  a l th o u g h  th i s  m ay in c lu d e  
TK d e f ic ie n t  v i r u s e s  o th e r  t h a n  th e  d e s i r e d  re c o m b in a n ts .
T h e  TK d e f ic ie n t  r e c o m b in a n t  v i r u s  p r o g e n y  from  e a c h  co­
t r a n s f e c t io n  w as e n r i c h e d  b y  a f u r t h e r  tw o  p a s s a g e s  a t  a p p ro x im a te ly
O .lp f u /c e l l  in  th e  p r e s e n c e  o f BCdR. F rom  th e  f in a l  p a s s a g e ,  th e  
m edium  o f e a c h  p la te  w as re m o v e d  a n d  r e t a in e d  a s  v i r u s  s to c k . DNA 
w as p r e p a r e d  fro m  th e  in f e c te d  ce ll m o n o la y e r  a n d  th e  p r o p o r t io n  of 
r e c o m b in a n t  v i r u s  p r e s e n t  e s t im a te d  b y  r e s t r i c t i o n  a n a ly s e s .  DNAs 
w e re  c u t  w ith  Ba/riHI o r  S s f i l  a n d  e le c t r o p h o r e s e d  th r o u g h  a 0.8% 
a g a r o s e  g e l  in  lxL B , t h e n  t r a n s f e r r e d  to  a  n i t ro c e l lu lo s e  m em b ran e  b y  
th e  m e th o d  of S o u th e rn ,  (1975) a n d  p r o b e d  w ith  th e  p la sm id  pGX153 
w h ic h  c o n ta in s  t h e  HSV-1 Ba/riHI p  f r a g m e n t  i n s e r t e d  in to  th e  
c o r r e s p o n d in g  s i t e  o f t h e  v e c to r  pAT153. P la sm id  pGX153 w as la b e lle d  
w ith  [32P] b y  n ic k  t r a n s la t io n  (R ig b y  e t  a l ,  1977). T h e  r e s u l t s  a r e  
sh o w n  in  F ig u r e  21. In  p a n e l  a , t h e  p o s it io n  o f th e  p a r e n ta l  HSV-1 
Ba/riHI p  f r a g m e n t  is  i l l u s t r a t e d  in  th e  tsK  t r a c k .  DNAs d e r iv e d  from  
c o - t r a n s f e c t io n s  o f tsK w ith  pU L59, o r  w ith  pC6, e x h ib i te d  a  w eak
a m o u n t o f h y b r id i s a t io n  to  th e  p a r e n ta l  Ba/riHI p  f ra g m e n t .  T he
m a jo r ity  o f h y b r id i s a t io n  w as, h o w e v e r , to  t h r e e  l a r g e r  s p e c ie s , 
p r e s u m e d  to  r e p r e s e n t  r e c o m b in a n ts  w ith  i n s e r t s  in  Ba/nHI p. T h is  w as 
c o n firm e d  w h e n  th e  m a jo r  s p e c ie s  w as sh o w n  to  c o -m ig ra te  w ith  th e  
Ba/riHI p  d e r iv e d  f r a g m e n t  g e n e r a te d  fro m  th e  t r a n s f e c t e d  p lasm id  
( F ig u r e  22). T he  m ig ra tio n  d i f f e r e n c e  b e tw e e n  th e  m a jo r  s p e c ie s  w as 
a s  e x p e c te d  fro m  th e  d i f f e r e n t  s iz e s  o f th e  i n s e r t e d  ORFs. T he  r a t io  o f 
p a r e n t a l  Ba/riHI p  f r a g m e n t  to  m a jo r  in s e r t - c o n ta in in g  f ra g m e n t
s u g g e s t e d  t h a t  in  e a c h  c a se  a t  l e a s t  80% o f th e  p r o g e n y  w as
re c o m b in a n t  v i r u s  c o n ta in in g  a n  a d d it io n a l  co p y  o f e i t h e r  th e  UL5 o r
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F ig u re  21 . E n ric h m en t o f  t s K R ecom binan t V iru s e s
S o u th e rn  b l o t s  h y b r id iz e d  to  r a d i o - l a b e l  le d  pGX153 a r e  shown.
DNA was p re p a re d  from  BHK c e l l s  m o c k - in fe c te d  (M) o r  i n f e c t e d  a t  
t h e  PT w ith  w i ld - ty p e  HSV-1, tsK o r  e n r ic h e d  p o o ls  c o n ta in in g  tsK 
re c o m b in a n t v i r u s e s  (tsK /U L 5, tsK/UL8, tsK/UL9 o r  tsK /UL52) a s  
i n d i c a t e d .  P a n e ls  a  and c show DNAs d ig e s t e d  w ith  B anR l. H y b r id iz a t io n  
to  t o  p a r e n t a l  BanE I p  f ra g m e n t (P) and  th e  s lo w e r  m ig r a t in g  
re c o m b in a n t f ra g m e n t (R) i s  i n d i c a t e d .  P a n e l b shows DNAs d ig e s t e d  
w ith  S s t l l  and  h y b r id i z a t io n  t o  p a r e n t a l  (P ) and  re c o m b in a n t (R) 
f ra g m e n ts .  F o r ea ch  o f  th e  e n r ic h e d  p o o ls  h y b r id i z a t io n  t o  th e  
f r a g m e n t( s )  c o r re s p o n d in g  t o  re c o m b in a n t v i r u s  i s  s u b s t a n t i a l l y  
g r e a t e r  th a n  t o  th e  p a r e n t a l  v i r u s  f ra g m e n t i n d i c a t i n g  t h a t  th e  
e n r ic h e d  s to c k s  c o n ta in  a t  l e a s t  80% re c o m b in a n t v i r u s .
tsK/UL8 tsK/UL5 tsK M
i \  /  \
WT tsK/UL9
/ i \
•  •  • - R
WT tsK /U L52
/ / I N ' '
UL8 ORF. T he  s ig n if ic a n c e  of th e  w e a k e r  h y b r id i s a t io n  to  th e  tw o 
o th e r  n o v e l s iz e d  DNA f r a g m e n ts  is  n o t  c le a r .  I t  m ay p o s s ib ly  b e  d u e  
to  in v e r s io n s  a n d / o r  d e le t io n s  o f th e  v i r u s  genom e a r i s in g  from  th e  
p r e s e n c e  o f s e c o n d  c o p ie s  o f th e  i n s e r t e d  v i r a l  g e n e s  (P o g u e -G e ile  e t  
al., 1985). T he  v e r y  w eak  h y b r id i s a t io n  to  b a n d s  comm on to  a il t r a c k s ,  
in c lu d in g  m o c k - in fe c te d ,m a y  b e  d u e  to  som e hom ology  b e tw e e n  pGX153 
a n d  h o s t  DNA s e q u e n c e s .
F ig u r e  21, p a n e l  c  sh o w s DNA from  c o - t r a n s f e c t io n s  of tsK w ith  
p206 h y b r id i s e d  to  pGX153. W eak h y b r id i s a t io n  to  t h e  p a r e n ta l  BairUI  p  
f r a g m e n t  is  a p p a r e n t  a s  w ell a s  h y b r id i s a t io n  to  tw o  l a r g e r  s p e c ie s  
w h ic h  w e re  p re s u m e d  to  r e p r e s e n t  a n  i n s e r t  w ith in  BamHI p. T he 
l a r g e s t  s p e c ie s  w as s u b s e q u e n t ly  sh o w n  to  c o -m ig ra te  w ith  th e  Ba/riHI 
f r a g m e n t  g e n e r a te d  fro m  th e  t r a n s f e c t e d  p la sm id  ( F ig u r e  22), t h u s  
c o n firm in g  th e  p r e s e n c e  o f a n  i n s e r t e d  UL52 ORF. T he  r a t io  of 
p a r e n t a l  Ba/riHI p  to  t h i s  in s e r t - c o n ta in in g  s p e c ie s  s u g g e s t e d  t h a t  o v e r  
80% o f t h e  p r o g e n y  w e re  r e c o m b in a n t  v i r u s e s .
F ig u r e  21, p a n e l  b  sh o w s  a n a ly s is  o f DNA o f th e  p r o g e n y  d e r iv e d  
fro m  th e  c o - t r a n s f e c t io n  o f tsK w ith  p IE 9 . S in ce  t h e r e  is  a Ba/riHI s i te  
w ith in  t h e  UL9 g e n e  c o d in g  r e g io n  w h ic h  w o u ld  g iv e  r i s e  to  tw o 
p r e d i c te d  f r a g m e n ts  f a i r ly  c lo se  in  s iz e  to  HSV-1 Ba/riHI p  (3517bp  a n d  
32 9 2 b p ) DNAs w e re  c u t  w ith  S stL I. S s iL I  HSV-1 f r a g m e n ts  w h ic h  
h y b r id iz e  to  pGX153 a r e  in d ic a te d  in  F ig u r e  23. D ig e s tio n  o f p la sm id  
p IE 9  DNA g iv e s  r i s e  to  f o u r  m a jo r  h y b r id i s in g  s p e c ie s  (4 5 1 3 b p , 3987bp , 
t073bp a n d  7 5 6 b p ; F ig u r e  22). T h e  4513bp  a n d / c f 3 b p  f r a g m e n ts  a r e  
g e n e r a te d  fro m  w ith in  t h e  i n s e r t e d  HSV-1 s e q u e n c e s  ( F ig u r e  23c). T he  
la r g e  f r a g m e n t  m ig ra te s  s l ig h t ly  s lo w e r  t h a n  th e  3987bp  f r a g m e n t  
w h ic h  is  d e te c te d  b e c a u s e  o f h y b r id i s a t io n  b e tw e e n  pAT153 v e c to r  
s e q u e n c e s  in  p IE 9  a n d  pGX153. S s t l l  d ig e s te d  w t  HSV-1 DNA e x h ib i ts  
m a jo r  h y b r id i s a t io n  to  tw o  s p e c ie s  (2 259bp  a n d  756 b p ; F ig u r e  23a). 
T h e  2259bp  f r a g m e n t  w as r e g a r d e d  a s  d ia g n o s t ic  o f th e  p r e s e n c e  of 
p a r e n t a l  Ba/riHI p  s e q u e n c e s  a n d  th e  p r e s e n c e  of 4513bp  a n d  IC^Sbp 
f r a g m e n ts  a s  r e p r e s e n t i n g  a n  in s e r t io n  o f th e  UL9 g e n e  w ith in  
BarriU. p . H y b r id iz a tio n  to  DNA d e r iv e d  fro m  c o - t r a n s f e c t io n s  w as 
a lm o s t e x c lu s iv e ly  to  f r a g m e n ts  c o n ta in in g  i n s e r t e d  s e q u e n c e s  
s u g g e s t in g  t h a t  th e  p r o g e n y  c o n s is t s  o f g r e a t e r  t h a n  90% re c o m b in a n t  
v i r u s e s  ( F ig u r e  21b).
T h e  a b o v e  e n r i c h e d  p r o g e n y  v i r u s  p o o ls  w e re  p la q u e - p u r i f i e d  b y  
lim itin g  d i lu t io n  on  m ic ro t i t r e -w e l l  BHK m o n o la y e rs . T h e  c e lls  a n d  
m edium  of w e lls  c o n ta in in g  a  s in g le  p la q u e  w e re  h a r v e s t e d  a n d  u s e d
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F ig u re  22 . P u r i f i c a t i o n  o f  tsK  R ecom binan t V iru s e s
S o u th e rn  b l o t s  h y b r id iz e d  to  r a d i o - l a b e l l e d  pGX153 a r e  shown.
DNA was p re p a re d  from  m i c r o t i t r e  w e ll  m o n o lay e rs  o f  BHK c e l l s  
i n f e c t e d  a t  th e  PT w ith  p ro g en y  o f  s in g l e  p la q u e s  i s o l a t e d  from  th e  
e n r ic h e d  p o o ls .  In  p a n e ls  a  (tsK /U L5 p o o l ) ,  b (tsK /U L8 p o o l)  and d 
( tsK/UL52 p o o l)  DNAs w ere d ig e s t e d  w ith  B anE I. M arker p la s m id  DNAs, 
pUL59, pC6 and  P206 r e s p e c t i v e l y  c o n ta in  c o p ie s  o f  th e  UL5, UL8 and  
UL52 g e n e s  i n s e r t e d  i n to  th e  BanEI p  f ra g m e n t. In  p a n e l c  (tsK /U L9 
p o o l ) ,  DNAs w ere d ig e s t e d  w ith  5 s t I I  w ith  w i ld - ty p e  HSV-1 and  m ark er 
p la sm id  pIE9 DNAS s e r v in g  a s  a  c o n t r o l .  H y b r id iz a t io n  t o  p a r e n t a l  (P) 
and  re c o m b in a n t (R) se q u e n c e s  i s  i n d i c a t e d .  In  t h e  c a s e  o f  m ark er 
p la s m id s  pUL59, pC6 and  p206, t h e  p o s i t i o n  o f  t h e  pAT153 v e c to r  
s e q u e n c e s , w h ich  c o -m ig ra te  w ith  t h e  HSV-1 BanEI p  f ra g m e n t, w ere 
ta k e n  a s  i n d i c a t i n g  th e  p o s i t i o n  o f  th e  p a r e n t a l  v i r u s  f ra g m e n t.
a
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F ig u re  23 . S s t l l  R e s t r i c t i o n  F rag m en ts  H y b r id iz in g  t o  pGX153
The s i z e s  (bp ) o f  m a jo r S s t l l  f ra g m e n ts  o f  wt HSV-1 ( a ) ,  p23 (b ) ,  
pIE9 (c )  and  tsK/UL9 (d ) DNA c a p a b le  o f  h y b r id i z a t io n  to  HSV-1 BanEI p  
s e q u e n c e s  w i th in  pGX153 a r e  i n d i c a t e d .  S s t l l  s i t e s  a r e  m arked below  
th e  s o l i d  h o r iz o n t a l  l i n e s .  S t r ip e d  and  s t i p p l e d  r e g io n s  r e s p e c t i v e ly  
r e p r e s e n t  i n s e r t e d  f ra g m e n ts  c o n ta in in g  th e  IE3 p ro m o te r  and th e  UL9 
ORF. The r e s t r i c t i o n  s i t e s  a t  w hich  th e s e  f ra g m e n ts  w ere i n s e r t e d  a r e  
a l s o  i n d i c a t e d .
to  in f e c t  l in b r o  w ell m o n o la y e rs  of BHK c e lls  w h ich  w e re  th e n  
in c u b a te d  a t  31°C f o r  3 d a y s  a t  w h ic h  tim e a n  e x te n s iv e  CPE w as 
o b s e r v e d .  V iru s  r e le a s e d  in to  th e  m edium  of th e  w ells w as s to r e d  a t  -  
70°C. F rom  th e  in f e c te d  ce ll m o n o la y e r  to ta l  c e llu la r  DNA w as 
p r e p a r e d  a n d  a n a ly s e d  b y  S o u th e rn  b lo t t in g  a s  a b o v e . F ig u re  22 
i l l u s t r a t e s  th e  id e n t if ic a t io n  of p u r i f ie d  re c o m b in a n t  v i r u s e s .  P u r if ie d  
tsK /U L 5 , tsK /U L 8 a n d  tsK /U L 52 v i r u s e s  y ie ld e d  BamHI f r a g m e n ts  w h ich  
h y b r id i s e d  to  a  la b e l le d  pGX153 p r o b e  a n d  c o -m ig ra te d  w ith  th e  
l a r g e r  o f th e  tw o  f r a g m e n ts  r e s u l t i n g  fro m  Ba/riHI d ig e s t io n  of p la sm id s  
pU L 59, pC6 a n d  p206 ( r e s p e c t iv e ly ,  p a n e ls  a , b  a n d  d ) . P u r if ie d  
tsK /U L 9  v i r u s e s  (p a n e l  c) s im ila r ly  y ie ld e d  in s e r t - c o n ta in in g  f ra g m e n ts  
w h ic h  c o -m ig ra te d  w ith  t h e  4513bp  a n d  812bp  f r a g m e n ts  o f SstL I 
d ig e s te d  p IE 9  DNA a n d  la c k e d  th e  c o r r e s p o n d in g  tsK p a r e n ta l  SstL I 
f r a g m e n t .  F o r  p r o g e n y  from  tsK /U L 5 , t5K /U L8, tsK /U L 9 a n d  tsK /U L52 
p o o ls , v i r u s  w as d e te c te d  in  9 o f 11, 11 o f 11, 9 o f 9 a n d  7 of 12 w ells 
r e s p e c t iv e ly ,  w h ic h  e x h ib i te d  th e  s t r u c t u r e  e x p e c te d  f o r  re c o m b in a n ts  
c o n ta in in g  th e  r e q u i r e d  i n s e r t e d  g e n e .
E lite  s to c k s  o f th e  f o u r  r e c o m b in a n t  v i r u s e s  w e re  g ro w n  from  
s e le c te d  p u r i f ie d  l in b r o  w ell s u p e r n a t a n t s  a n d  s to r e d  a t  -70°C . From  
th e s e  e l i te  s to c k s ,  w o rk in g  s to c k s  o f v i r u s  w e re  p r o p a g a te d  a n d  
t i t r a t e d  on  m o n o la y e rs  o f BHK c e lls  a t  31°C. T h e  t i t r e s  of th e  w o rk in g  
s to c k s  w e re  g e n e r a l ly  b e tw e e n  108 a n d  5 x l0 8 p fu /m l. R e c o m b in a n t 
v i r u s  s to c k s  u s e d  w e re  n am e d  tsK /U L 5 , tsK /U L 8 , tsK /U L 9 a n d  
tsK /U L 52.
To exam ine  th e  g en o m ic  s t r u c t u r e s  o f t h e  v i r u s e s  v i r io n  DNA w as 
p r e p a r e d  fro m  e a c h  re c o m b in a n t .  S am p les  o f e a c h , a s  w ell a s  tsK  a n d  
w t  HSV-1 DNAs, w e re  d ig e s te d  w ith  Ba/riHI a n d  r u n  th r o u g h  0.8% a n d
0.6% a g a r o s e  g e ls ,  t r a n s f e r r e d  to  a  n i t ro c e l lu lo s e  m em b ran e  a n d  p r o b e d  
w ith  n i c k - t r a n s l a t e d  [32P ] - la b e l le d  pGX153 ( F ig u r e  24, p a n e l  a ))  o r  w t  
HSV-1 DNA ( F ig u r e  24, p a n e l  b ) )  r e s p e c t iv e ly .  T he  r e s u l t s  show  t h a t  in  
th e  tsK /U L 5 , tsK /U L 8 a n d  tsK /U L 52 g e n o m e s , th e  p a r e n ta l  Ba/riHI p  
f r a g m e n t  (3 5 7 9 b p ) is  r e p la c e d  b y  a  l a r g e r  f r a g m e n t ,  a n d  in  th e  
tsK /U L 9  gen o m e b y  tw o  n o v e l sm a lle r  Ba/riHI f r a g m e n ts  ( p r e d ic te d  s iz e s  
3517 a n d  3 2 9 2 b p ). T he  re m a in in g  Ba/riHI b a n d s  d e te c te d  w ith  t h e  HSV-1 
p r o b e  a r e  e s s e n t ia l ly  u n c h a n g e d  fro m  th e  p a r e n ta l  v i r u s e s  sh o w in g  
t h a t  t h e  r e c o m b in a n t  v i r u s e s  c o n ta in  no  m a jo r  s t r u c t u r a l  c h a n g e s  
o th e r  t h a n  th e  i n s e r t i o n  o f t h e  a d d it io n a l  r e p l ic a t io n  g e n e . 
H y b r id iz a t io n  o f t h e  HSV-1 p r o b e  to  t h e  n o v e l BamHI f r a g m e n ts  is  m ost 
e a s i ly  o b s e r v e d  in  tsK /U L 9 in  w h ic h  th e  b a n d s  m ig ra te  c lo se  to  th e  
p o s it io n  o f t h e  p a r e n t a l  BanH I  p  f r a g m e n t .  F o r  t h e  o th e r  v i r u s e s  th e
86
WT tsK 5 8 9 52 pGX153
1 1 I I I | |
f t d S V B B
m  —
F ig u re  2 4 . B aifil R e s t r i c t i o n  P r o f i l e  o f  t s K R ecom binant V iru s e s
S o u th e rn  b l o t s  h y b r id iz e d  t o  r a d i o - l a b e l l e d  pGX153 (p a n e l a )  and 
wt HSV-1 DNA (p a n e l  b ) a r e  shown. DNA was p re p a re d  from  BHK c e l l s  
i n f e c t e d  a t  t h e  PT w ith  wt HSV-1, tsK o r  i n d iv id u a l  t s K rec o m b in a n t 
v i r u s e s ,  a s  i n d i c a t e d ,  and  d ig e s te d  w ith  BanRI .
n o v e l f r a g m e n ts  w ou ld  b e  e x p e c te d  to  c o m ig ra te  w ith  w ith  o th e r  HSV-1 
BanH I  f r a g m e n ts .
3B. IDENTIFICATION OF THE POLYPEPTIDES ENCODED BY THE
EXPRESSED ORFS
1. O v e r - e x p r e s s io n  o f UL5, UL8, UL9 a n d  UL52 P r o te in s  a t  t h e  NPT
T h e  HSV-1 m u ta n t  tsK  o v e r - p r o d u c e s  im m e d ia te -e a r ly  g e n e  
p r o d u c t s  a t  NPT (P re s to n ,1 9 7 9 a ) . T he  p r o d u c t s  of th e  i n s e r t e d  ORFs 
e x p r e s s e d  u n d e r  th e  c o n tro l  o f t h e  IE3 g e n e  p ro m o te r  a n d  u p s tr e a m  
r e g u la to r y  s e q u e n c e s  w e re  t h e r e f o r e  ex am in ed .
L in b ro  w ell m o n o la y e rs  o f BHK c e lls  w e re  e i t h e r  m o c k - in fe c te d  o r  
in f e c te d  w ith  w t  HSV -1, tsK o r  on e  o f t h e  f o u r  r e c o m b in a n t  v i r u s e s ,  
tsK /U L 5 , £sK/UL8, tsK /U L 9 o r  tsK /U L 52 a t  10 p f u /c e l l  a n d  in c u b a te d  
a t  th e  NPT of 38.5°C. At 8 h r  p o s t - in f e c t io n  th e  m edium  of e a c h  w ell 
w as r e p la c e d  w ith  PBS c o n ta in in g  15pCi o f [35S ]-L -m e th io n in e . At 
lO h r  p o s t - in f e c t io n  th i s  la b e l l in g  s o lu t io n  w as re m o v e d  a n d  th e  ce lls  
h a r v e s t e d  in to  200pl o f sam p le  b u f f e r .  F ig u r e  25a sh o w s th e  a n a ly s is  
o f th e  r e s u l t i n g  m ock a n d  v i r u s - in f e c t e d  ce ll e x t r a c t s  b y  SDS-PAGE. 
T h e  tsK p ro f i le  sh o w s th e  m a jo r  v i r a l  IE  p o ly p e p t id e s  in d u c e d  b y  th e  
p a r e n t a l  v i r u s  ie . V m w l75, V m w l36, Vm w llO  a n d  Vmw63. T he  f o u r  
r e c o m b in a n t  v i r u s e s  e x h ib i te d  p o ly p e p t id e  p ro f i le s  a t  t h e  NPT 
in d is t in g u i s h a b le  fro m  t h a t  o f tsK , w ith  th e  e x c e p tio n  t h a t  e a c h  
p r o d u c e d  a n  a d d it io n a l  s in g le  p o ly p e p t id e  c o r r e s p o n d in g  to  th e  
p r o d u c t  o f t h e  i n s e r t e d  g e n e . T h e  UL8 p r o d u c t  is  m ore  c le a r ly  s e e n  in  
p a n e l  b . T h e  p o s i t io n s  o f t h e s e  u n iq u e  p o ly p e p t id e  b a n d s  a r e  
in d ic a te d .  M o lecu la r w e ig h ts  w e re  e s t im a te d  f o r  th e s e  p r o te in s  from  a 
p lo t  o f SDS-PAGE m o b ility  a g a in s t  logio Mr  f o r  t h e  m a jo r  tsK in d u c e d  
p o ly p e p t id e s ,  V m w l75, V m w l36, Vm w llO  a n d  Vmw63, w h o se  Mr  h a d  b e e n  
p r e v io u s ly  i n d e p e n d e n t ly  e s t im a te d  b y  o th e r  w o r k e rs  (M a rsd e n  e t  a l ,  
1976; P r e s to n ,  1979a;b ). T h e  v a lu e s  o b ta in e d  c o r r e la te  w ell w ith  th e  Mr  
p r e d i c te d  f o r  t h e s e  p r o te in s  fro m  DNA s e q u e n c e  a n a ly s is  (T a b le  3; 
M cGeoch e t  al. 1988a; b ) .
On som e o c c a s io n s  a  m in o r n o v e l p o ly p e p t id e  b a n d  of lo w er 
m o le c u la r  w e ig h t  w as a lso  o b s e r v e d  in  c e lls  in f e c te d  a t  th e  NPT w ith  
th e  r e c o m b in a n t  v i r u s  tsK /U L 5. T h is  m ay b e  a  p r o te o ly t ic  d e g ra d a t io n  
p r o d u c t  o f t h e  o v e r p r o d u c e d  p r o te in  ( F ig u r e  25b).
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F ig u re  2 5 . I d e n t i f i c a t io n  o f  th e  PL5, UL8, UL9 and UL52 P o ly p e p t id e s
P a n e l a  shows 35S - l a b e l l e d  p o ly p e p t id e s  p re p a re d  from  BHK c e l l s
m o c k - in fe c te d  (H) o r  i n f e c t e d  a t  th e  NPT w ith  wt HSV-1, tsK o r
in d iv id u a l  tsK  re c o m b in a n t v i r u s e s ,  tsK/TJL5, tsK/UL8, tsK/UL9 and  
tsK /U L52, a s  i n d ic a te d ,  and  a n a ly s e d  by SDS-PAGE. tsK re c o m b in a n t 
v i r u s e s  e a ch  e x h ib i t e d  a  p o ly p e p t id e  p r o f i l e  i n d i s t i n g u i s h a b l e  from  
t h a t  o f  tsK w ith  th e  e x c e p t io n  o f  a  s i n g l e ,  n o v e l band ( i n d i c a t e d  by
th e  a r r o w s ) .  P a n e l b shows a  s i m i l a r  e x p e r im e n t i n  w hich  th e  UL8
p r o t e i n  was more c l e a r l y  v i s i b l e  and  a  p o s s ib l e  breakdow n p ro d u c t  o f  
th e  L5 p o ly p e p t id e  was o b se rv e d  ( i n t a c t  UL8 and  UL5 p r o t e i n s ,  and  th e  
p o s s ib l e  breakdow n p ro d u c t  a r e  i n d i c a t e d ) . The e s t im a te d  m o le c u la r  
w e ig h t o f  e a ch  n o v e l p o ly p e p t id e  i s  shown in  T a b le  3 .
M 5 8 tsK









P r o te i n  Hr
HSV-1 OEF P r e d ic t e d  from  E s t im a te d  from
DNA se q u en c e  SDS-PAGE
UL5 9 8 ,7 1 0  100 ,000
UL8 79 ,921  80 ,0 0 0
UL9 9 4 ,2 4 6  89 ,0 0 0
UL52 114 ,416  120 ,000
T a b le  3 . E s t im a te d  H r o f  O v e r-E x p re sse d  HSV-1 P r o te i n s
The Mr  o f  th e  p o ly p e p t id e s  p r e d i c te d  t o  be encoded  by th e  UL5, 
UL8, UL9 and  UL52 g en es  a r e  g iv e n  in  colum n 2 . Mr  v a lu e s  e s t im a te d  
from  SDS-PAGE f o r  t h e s e  p r o t e i n s  when i n d iv i d u a l l y  o v e r - e x p re s s e d  in  
t s K re c o m b in a n t v i r u s e s  a r e  g iv e n  in  colum n 3.
2. Im m u n o p re c ip i ta t io n  o f E x p r e s s e d  P o ly p e p tid e s
T he  id e n t i t i e s  o f th e  p r o d u c t s  o f th e  e x p r e s s e d  g e n e s  w e re  
c o n firm e d  b y  im m u n o p re c ip ita t io n  w ith  c o g n a te  a n t i - s e r a  p ro v id e d  b y  
Dr M D C h a llb e rg . E x t r a c ts  w e re  p r e p a r e d  a s  d e s c r ib e d  in  M ethods 
(S e c tio n  2B.30) from  BHK ce ll m o n o la y e rs  in f e c te d  w ith  th e  fo u r  
r e c o m b in a n t  v i r u s e s ,  tsY. o r  from  m ock in f e c te d  c e lls . E ach  e x p re s s e d  
p r o te in  w as s p e c if ic a lly  p r e c ip i t a te d  b y  i t s  c o g n a te  a n t i - s e r u m  from  
re c o m b in a n t  v i r u s  in f e c te d  c e lls  o n ly  ( F ig u r e  26). P o s s ib le  p ro te o ly t ic  
d e g r a d a t io n  p r o d u c t s  w e re  a lso  d e te c te d  in  som e c a s e s  b y  th is  
p r o c e d u r e  ( e .g . o f UL9 a n d  UL52 p r o te in s ) .  T he  p r e s e n c e  o f h ig h e r  
m o le c u la r  w e ig h t  p r o te in s  p r e c ip i t a te d  fro m  th e  UL9 a n d  UL52 e x t r a c t s  
is  d i f f ic u l t  to  e x p la in . H o w ev er, t h i s  m ay b e  d u e  to  t h e i r  a s s o c ia tio n  
e i t h e r  s p e c if ic a lly  o r  n o n - s p e c i f ic a l ly  w ith  th e  o v e r - e x p r e s s e d  
p r o te in s .  U n f o r tu n a te ly ,  p re - im m u n e  s e r a  w ith  w h ic h  to  p e rfo rm  
c o n tro l  im m u n o p re c ip i ta t io n s  w e re  n o t  a v a ila b le .
3. P re l im in a ry  C h a r a c te r iz a t io n  o f  t h e  UL5, UL8, UL9 a n d  UL52 
P r o te in s
(a )  I n t r a c e l lu l a r  L o c a lis a tio n
I n i t ia l  s tu d i e s  o f th e  f o u r  o v e r - e x p r e s s e d  p r o te in s  i n v e s t ig a te d  
t h e i r  i n t r a c e l lu l a r  lo c a l is a tio n . BHK c e ll m o n o la y e rs  w e re  in f e c te d  a t  
t h e  NPT w ith  e a c h  o f t h e  f o u r  r e c o m b in a n t  v i r u s e s ,  la b e l le d  w ith  
[35S ]-L -m e th io n in e  a t  8 h p i a n d  h a r v e s t e d  a t  lO h p i. T he  c e lls  w e re  
f r a c t i o n a te d  in to  c y to p la sm  a n d  n u c le i  a s  d e s c r ib e d  in  M ethods 
(S e c t io n  37). As sh o w n  in  F ig u r e  27a  th e  UL5 a n d  UL52 g e n e  
p r o d u c t s  a p p e a r e d  to  b e  p r e s e n t  in  b o th  c y to p la sm  a n d  n u c le i  w h e re a s  
th e  UL9 g e n e  p r o d u c t  a p p e a r e d  to  lo c a lis e  a lm o s t e x c lu s iv e ly  in  th e  
n u c le i .  T he  UL8 p r o te in  is  n o t  r e a d i ly  v is ib le  in  t h i s  e x p e r im e n t. 
P a n e l b  sh o w s  p o ly p e p t id e s  e x t r a c te d  fro m  BHK c e lls  in f e c te d  w ith  
tsK /U L 8 . L an e  1 c o n ta in s  to ta l  ce ll e x t r a c t .  L a n e s  2 c o n ta in s  
p o ly p e p t id e s  p r e s e n t  in  c y to p la sm  a n d  la n e s  3 a n d  4 c o n ta in  n u c le a r  
p r o te in s .  S a l t - e x t r a c ta b le  n u c le a r  p o ly p e p t id e s  a r e  sh o w n  in  la n e  3 
a n d  th e  re m a in in g  in s o lu b le  p e l le t  in  la n e  4. T he UL8 p r o te in ,  
in d ic a te d  b y  th e  a r ro w , a p p e a r s  to  b e  p r e s e n t  in  b o th  c y to p la sm  a n d  
n u c le i .  S in c e  n u c le a r  p o ly p e p t id e s  m ay le a c h  fro m  ce ll n u c le i  d u r in g  
f r a c t io n a t io n  o r  c y to p la sm ic  p r o te in s  a d h e r e  to  t h e  s u r f a c e  of n u c le i , 
s tu d i e s  o f t h e  in t r a c e l lu l a r  lo c a l is a tio n  o f t h e s e  p r o te in s  a lso  in c lu d e d  
th e  u s e  o f i n d i r e c t  im m u n o f lu o re s c e n t t e c h n iq u e s .  T he  r e s u l t s  o f th e s e  
e x p e r im e n ts  a r e  d e s c r ib e d  in  S e c tio n  3G.
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F ig u r e  2 6 . Im m u n o p re c ip i ta t io n  o f  t h e  UL5, UL8, PL9 an d  UL52 P r o te i n s  
P r o t e i n  e x t r a c t s  w ere p re p a re d  from  BHK c e l l s  e i t h e r  m o c k - in fe c te d  
o r  i n f e c t e d  a t  t h e  NPT w ith  tsK  o r  in d iv id u a l  tsK re c o m b in a n t v i r u s e s .  
P o ly p e p tid e  p r o f i l e s  o f  e a c h  s t a r t i n g  e x t r a c t  a r e  shown; la n e  1) tsK , 
la n e  4 ) tsK /U L5, la n e  7) tsK/TJL8, la n e  10) tsK/UL9, la n e  13) tsK/UL52 
and  la n e  14) m o c k - in fe c t io n .  E x t r a c t s  w ere r e a c te d  w ith  a n t i s e r a  and  
a n a ly s e d  in  p a r a l l e l .  L anes 2 and  3 : tsK  and  tsK/UL5 e x t r a c t s  r e a c te d  
w ith  a n ti-U L 5  a n t i s e ru m , la n e s  5 and  6 : tsK and  tsK/UL8 e x t r a c t s
r e a c t e d  w ith  a n ti-U L 8  a n t is e ru m , la n e s  8 and  9 : tsK and  ts/U L 9
e x t r a c t s  r e a c te d  w ith  a n ti-U L 9  a n t i - s e r u m  and la n e s  11 and  12: tsK  and  
tsK/TJL52 e x t r a c t s  r e a c te d  w ith  an ti-U L 5 2  a n t i s e ru m . The p o s i t i o n s  o f  
th e  o v e r - e x p re s s e d  UL5, UL8, UL9 and  UL52 p r o t e i n s  p r e c i p i t a t e d  by 
t h e i r  c o g n a te  a n t i s e r a  a r e  i n d ic a te d  by th e  a rro w s  in  la n e s  3 , 6 , 9 , 
and  12 r e s p e c t i v e l y .
F ig u re  2 7 . F r a c t i o n a t io n  o f  BHK c e l l s  I n f e c te d  a t  t h e  NPT
Panel a  shows SDS-PAGE analysis of 35S-labelled BHK cells mock- 
infected or infected at the NPT with tsK or individual tsK recombinant 
viruses, as indicated, and subsequently fractionated into cytoplasm 
(c) and nuclei (n). Panel b shows fractionation of s^s-labelled BHK 
cells infected at the NPT with tsK/UL8. Lanes contain polypeptides 
present in 1) total cells, 2) cytoplasm, 3) nuclear extract and 4) 
nuclear pellet.
The over-expressed proteins are indicated by the arrows. UL5, UL8 
and UL52 polypeptides are present in both cytoplasm and nuclei whereas 
the UL9 protein localizes largely within the nucleus.
(b )  P o s t - t r a n s l a t io n a l  M o d ifica tio n  b y  P h o s p h o ry la t io n
To in v e s t ig a te  w h e th e r  th e  o v e r - e x p r e s s e d  UL5, UL8, UL9 a n d  
UL52 p o ly p e p t id e s  w e re  m o d ified  b y  p h o s p h o ry la t io n  a c o m p a riso n  of 
35S -m e th io n in e  a n d  32- o r th o p h o s p h a te  la b e l l in g  w as p e rfo rm e d . BHK 
c e lls  in  L in b ro  w e lls  w e re  m o c k - in fe c te d  o r  in f e c te d  w ith  w t  HSV-1, 
tsK , a  s in g le  r e c o m b in a n t  v i r u s  o r  a  c o m b in a tio n  o f a ll f o u r
re c o m b in a n t  v i r u s e s  ( tsK /U L 5 , tsK /U L 8 , tsK /U L 9 a n d  tsK /U L 52). T he 
L in b ro  w ell m o n o la y e rs  w e re  la b e l le d  w ith  35S -m e th io n in e  o r  32P -  
o r th o p h o s p h a te  a t  8 h p i a n d  h a r v e s t e d  a t  lO hp i. E x t r a c ts  w e re  
p r e p a r e d  a n d  a n a ly s e d  b y  SDS-PAGE ( F ig u r e  28).
M ajo r la b e l le d  p h o s p h o p r o te in s  in  tsK in fe c te d  c e lls  in c lu d e d  
V m w l75, V m w llO , Vmw68 a n d  Vmw63. In  c o n t r a s t ,  n o n e  o f t h e  o v e r ­
e x p r e s s e d  r e p l ic a t io n  p r o te in s  w as d e te c te d  a s  a  32P - la b e l le d  b a n d  
in d ic a t in g  t h a t  th e  UL5, UL8, UL9 a n d  UL52 p r o te in s  a r e  n o t  
p h o s p h o r y la te d  to  a  s ig n i f ic a n t  e x te n t  u n d e r  th e s e  c o n d it io n s .
A d d it io n a lly , t h e s e  p r o te in s  w e re  u n la b e l le d  in  th e  m u ltip le  
r e c o m b in a n t  in fe c t io n  w h ich  s u g g e s t s  t h a t  t h e y  re m a in  
u n p h o s p h o r y la te d  w h e n  c o - e x p r e s s e d  a n d  do  n o t  p h o s p h o r y la te  e a c h  
o th e r .  I t  r e m a i n s  p o s s i b l e  t h a t  d u r i n g  l y t i c  i n f e c t i o n  u n d e r
p e r m i s s i v e  c o n d i t i o n s  p h o s p h o r y l a t i o n  o f  t h e s e  p r o t e i n s  m a y  o c c u r .
3C. FUNCTIONAL CHARACTERIZATION OF GENE PRODUCTS
OVER-EXPRESSED BY tsK  RECOMBINANT VIRUSES
A t th e  tim e  a t  w h ic h  th i s  w o rk  w as b e in g  p e r fo rm e d  f u n c t io n s  h a d  
b e e n  a s s ig n e d  to  t h e  p r o d u c t s  o f som e o f th e  s e v e n  HSV-1 g e n e s  
r e q u i r e d  f o r  th e  r e p l ic a t io n  o f v i r a l  DNA. T h e se  in c lu d e d  th e  v i r a l  
DNA p o ly m e ra s e  h o lo en z y m e  w h ic h  c o n ta in s  s u b u n i t s  e n c o d e d  b y  g e n e s  
UL30 a n d  UL42 (P ow ell a n d  P u r ifo y  1977, V a u g h a n  e t  a l  1985, Gallo e t  
al. 1988, C ru te  a n d  L ehm an  1989), a n d  a  s in g l e - s t r a n d e d  DNA b in d in g  
p r o te in  s p e c if ie d  b y  th e  UL29 g e n e  (O livo e t  al. 1989 , W eller e t  al.
1983b, Q u in n  a n d  M cGeoch 1985). T h e  UL9 g e n e  p r o d u c t  w as
s u b s e q u e n t ly  c h a r a c te r iz e d  a s  a n  o r ig in  b in d in g  p r o te in  w h ic h  b in d s  
to  s p e c if ic  DNA s e q u e n c e s  w ith in  th e  v i r a l  o r ig in s  o f DNA s y n th e s i s  
(O livo e t  al. 1988, W eir e t  al. 1989). T h is  a c t iv i ty  w as sh o w n  to  b e  
in d u c e d  in  c e lls  in f e c te d  a t  th e  NPT w ith  th e  r e c o m b in a n t  v i r u s  
£sK/UL9 (W eir e t  al. 1989). I n  th e s e  e x p e r im e n ts  th e  f o u r  tsK 
re c o m b in a n t  v i r u s e s  d e s c r ib e d  a b o v e  w e re  a s s a y e d  f o r  o r ig in - b in d in g  
a c t iv i t y  b u t  o n ly  tsK /U L 9  w as c a p a b le  o f th e  in d u c t io n .
O th e r  p o s s ib le  f u n c t io n s  f o r  HSV-1 r e p l ic a t io n  p r o te in s  in c lu d e d
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F ig u r e  2 8 . 32P -O rth o p h o s p h a te  L a b e l l in g  o f  I n f e c te d  C e l l  P o ly p e p t id e s  
a t  t h e  MPT
The f i g u r e  shows a n a ly s i s  o f  BHK c e l l s  i n f e c t e d  a t  th e  NPT and  
l a b e l l e d  w ith  35S -L -m e th io n in e  ( la n e s  1 -7  and 15 -17 ) o r  32P - 
o r th o p h o s p h a te  ( la n e s  8 -1 4  and  1 8 -2 0 ) . I n f e c t i o n s  w ere a s  fo l lo w s :  
M o c k - in fe c tio n  (1 and  8 ) ,  tsK (2 , 9 , 15 and  1 8 ) , wt HSV-1 (3 , 10, 17 
and  2 0 ) , tsK/UL5 (4  and  1 1 ) , tsK/UL8 (5 and  1 2 ) , tsK/UL9 (6 and  1 3 ) , 
tsK/UL52 (7 and  14) and  a l l  f o u r  t s K re c o m b in a n ts  (16 and  1 9 ) .
C om parison  o f  r e s p e c t i v e  35S - and  32P - l a b e l l e d  la n e s  shows t h a t  
none o f  t h e  o v e r - e x p re s s e d  p r o te i n s  become s t r o n g l y  p h o s p h o ry la te d  
u n d e r  t h e s e  c o n d i t io n s .
DNA h e lic a s e , DNA p r im a se , DNA lig a s e  a n d  to p o is o m e ra s e  a c t iv i t ie s .  
W hen th e  tsK  r e c o m b in a n t  v i r u s e s  d e s c r ib e d  a b o v e  w e re  is o la te d , th e s e  
a n d  o r ig in - b in d in g  a c t iv i ty  w e re  c o n s id e r e d  lik e ly  c a n d id a te  a c t iv i t ie s  
o f th e  o v e r - e x p r e s s e d  r e p l ic a t io n  p r o te in s  UL5, UL8, UL9 a n d  UL52.
A s s a y s  f o r  p o s s ib le  e n z y m a tic  a c t iv i t ie s  in v o lv e d  in  DNA r e p l ic a t io n  
w e re  t h e r e f o r e  d e v e lo p e d  a n d  u s e d  in  th e  a n a ly s is  o f e x t r a c t s  from  
c e lls  in f e c te d  e i t h e r  s in g ly  o r  m u ltip ly , w ith  th e  r e c o m b in a n t  v i r u s e s  
a s  a  m ean s  to  id e n t i f y in g  th e  f u n c t io n s  o f th e  e x p r e s s e d  p r o te in s .  
T h e s e  s tu d i e s  w e re  in i t ia te d  w ith  a n  in v e s t ig a t io n  of th e  e n z y m a tic  
a c t iv i t ie s  a s s o c ia te d  w ith  DNA u n w in d in g .
1. U n w in d in g  o f  D uplex DNA
U n w in d in g  of t h e  DNA s t r a n d s  d u r in g  r e p l ic a t io n  is  f a c i l i ta te d  b y  DNA 
h e lic a s e s  (G e id e r  a n d  H o ffm a n -B e rlin g  1981). T h is  is  a c c o m p lish e d  in  a  
r e a c t io n  c o u p le d  to  th e  h y d r o ly s i s  o f a  n u c le o s id e  5 't r ip h o s p h a te  
(N TP). T h u s  a ll h e l ic a s e s  d e s c r ib e d  to  d a te  a r e  a lso  D N A -d e p en d e n t 
n u c le o s id e  5 't r i p h o s p h a ta s e s  (N T P ases). P re s u m a b ly  th e  e n e r g y  
r e le a s e d  in  t h e  NTP h y d r o ly s i s  r e a c t io n  is  u t i l i s e d  in  th e  u n w in d in g  
r e a c t io n  a l th o u g h  how  th e  tw o  r e a c t io n s  a r e  c o u p le d  is  n o t  c le a r  
(M a tso n  a n d  K a is e r -R o g e rs  1990).
(a ) DNA H elicase  an d  D N A -D ependent ATPase A c tiv it ie s
I t  w as c o n s id e r e d  p o s s ib le  t h a t  in d u c t io n  o f D N A -d e p en d e n t 
A T P ase  a n d  DNA h e lic a s e  a c t iv i t ie s  in  HSV-1 in f e c te d  c e lls  m ig h t 
r e q u i r e  o n e  o r  m ore  o f t h e  UL5, UL8, UL9 a n d  UL52 g e n e  p r o d u c t s .  
By in f e c t in g  c e lls  w ith  r e c o m b in a n t  v i r u s e s  in d iv id u a l ly  o r  in  
c o m b in a tio n , i t  w as h o p e d  to  a s s ig n  th e s e  f u n c t io n s  to  a  s p e c if ic  
p r o te in  o r  c o m b in a tio n  o f p r o te in s .
In d u c t io n  o f DNA h e lic a s e  a c t iv i ty  in  c e lls  in f e c te d  w ith  th e  
r e c o m b in a n t  v i r u s e s  w as a s s a y e d  u s in g  a  s u b s t r a t e  c o n s is t in g  o f a  
s y n th e t i c  la b e l le d  o l ig o n u c le o t id e  a n n e a le d  to  s in g l e - s t r a n d e d  M 13m pl8 
DNA so  a s  to  le a v e  a n  u n a n n e a le d  ta i l  a t  i t s  3' e n d  ( F ig u r e  29a). T h is  
s t r u c t u r e  o f s u b s t r a t e  h a d  b e e n  sh o w n  to  b e  r e q u i r e d  f o r  th e  a c t iv i ty  
o f a  DNA h e lic a s e  in d u c e d  in  c e lls  in f e c te d  w ith  HSV-1 (C ru te  e t  al. 
1988). W hen s u b je c t e d  to  e le c t r o p h o r e s i s  t h r o u g h  a  p o ly a c ry la m id e  g e l 
t h i s  s u b s t r a t e  b a r e ly  e n t e r s  th e  g e l. H o w ev er, th e  f r e e  la b e lle d  
o l ig o n u c le o t id e , h a v in g  b e e n  d is p la c e d  fro m  th e  s in g l e - s t r a n d e d  c irc le  
b y  h e a t  d e n a tu r a t i o n  o r  h e lic a s e  a c t iv i ty ,  m ig ra te s  r a p id ly  th r o u g h  th e  
g e l  ( F ig u r e  29b ).
90
F ig u re  2 9 . P a r t i a l  D uplex  S u b s t r a t e  f o r  DNA H e l ic a s e  A ssay
P a r t  (a )  o f  th e  f ig u r e  r e p r e s e n t s  th e  s u b s t r a t e  u se d  f o r  a s s a y  o f 
HSV-1 DNA h e l i c a s e  (C ru te  e t  a l . ,  1 9 8 8 ). I t  c o m p rise s  a  45 b a se  r a d i o ­
l a b e l l e d  s i n g l e - s t r a n d e d  o l ig o n u c le o t id e  w hich  i s  com plem en tary  a t  i t s  
5 1 end f o r  23 b a s e s  w ith  a  s i n g l e - s t r a n d e d  H13mpl8 DNA m o le c u le , t o  
w hich i t  i s  a n n e a le d . U nw inding o f  th e  d u p le x  r e g io n  by DNA h e l i c a s e  
c a u se s  d is p la c e m e n t  o f  th e  o l ig o n u c le o t id e  from  th e  c i r c u l a r  m o le c u le  
a l lo w in g  i t  t o  r a p i d l y  m ig ra te  th ro u g h  a  p o ly a c ry la m id e  g e l .
(b ) The s u b s t r a t e  was e i t h e r  u n r e a c te d  (S) o r  d e n a tu re d  by h e a t  
(D) (90°C f o r  2 m in) and th e n  a n a ly s e d  on a  n o n -d e n a tu r in g
p o ly a c ry la m id e  g e l .  The p o s i t i o n s  o f  th e  a n n e a le d  h y b r id  m o le c u le  and 
th e  d i s p la c e d  o l ig o n u c le o t id e  a r e  i n d i c a t e d .
a45  mer
M 13m p18
h e lic a s e
4 5  mer
hybrid 45  mer d isp laced
S D
-hybrid
-o lig o  displaced
T o ta l ce ll e x t r a c t s  w e re  p r e p a r e d  from  BHK c e lls , e i t h e r  u n in fe c te d  
o r  in f e c te d  w ith  w t  HSV-1, tsK , o r  o n e  o f th e  f o u r  r e c o m b in a n t  
v i r u s e s  tsK /U L 5 , tsK /U L 8 , tsK/UL.9 o r  tsK /U L 52 a n d  a s s a y e d  f o r  DNA 
h e lic a s e  a c t iv i ty  u s in g  th i s  s u b s t r a t e .  T he  b u f f e r  u s e d  w as h e lic a s e  
b u f f e r  1, d e s c r ib e d  in  M a te r ia ls  a n d  M eth o d s  (S e c tio n  2B .35). I n  F ig u re  
30 th e  p o s it io n s  o f a n n e a le d  s u b s t r a t e  a n d  f r e e  o lig o n u c le o tid e  
(d is p la c e d  b y  h e a t)  a r e  sh o w n . In  e a c h  sam p le  a  p r o p o r t io n  of th e  
s u b s t r a t e  w as d e g r a d e d  g e n e r a t in g  a  f a s t  m ig ra t in g  s p e c ie s ,  p re s u m e d  
to  b e  f r e e  n u c le o t id e  a r i s in g  fro m  th e  a c tio n  o f n u c le a s e s  p r e s e n t  in  
th e  c r u d e  c e ll e x t r a c t s .  T he  r e m a in d e r  o f t h e  s u b s t r a t e  f a i le d  to  
e n t e r  th e  g e l. D isp la c e d  o lig o n u c le o tid e  w as n o t  o b s e r v e d  in  a n y  of 
th e  a s s a y s  in d ic a t in g  t h a t  h e lic a s e  a c t iv i ty  w as e i t h e r  a b s e n t  o r  c o u ld  
n o t  b e  d e te c te d  b e c a u s e  o f t h e  s u b s t r a t e  d e g r a d a t io n .
I n  a n  a t te m p t  to  c i r c u m v e n t  p ro b le m s  a s s o c ia te d  w ith  d e g r a d a t io n  
o f d is p la c e d  o l ig o n u c le o t id e , 1:25 d i lu t io n s  o f th e  c r u d e  n u c le a r  
e x t r a c t s  w e re  a s s a y e d .  H o w ev er, d is p la c e d  o lig o n u c le o tid e  w as n o t  
d e te c te d  a n d  a  h ig h  d e g r e e  o f s u b s t r a t e  d e g r a d a t io n  s t i l l  p e r s i s t e d  
( d a ta  n o t  sh o w n ).
As a n  a l t e r n a t iv e  a p p ro a c h  th e  in d u c t io n  o f D N A -d e p e n d e n t A T Pase 
a c t iv i ty ,  a s s o c ia te d  w ith  DNA h e lic a s e s  w as m e a s u re d . An a s s a y  fo r  
th e  d e te c t io n  o f D N A -d e p e n d e n t A T Pase a c t iv i ty  w as d e v e lo p e d  b a s e d  
u p o n  p r o c e d u r e s  u s e d  b y  C ru te  e t  al. 1988 a n d  C la rk  e t  al. (1981). 
T he  a m o u n t o f [g am m a-32P]ATP h y d r o ly s e d  to  [32P i] in  a  r e a c t io n  
c o n ta in in g  in f e c te d  c e ll  e x t r a c t  a n d  a c t iv a te d  c a lf  th y m u s  DNA w as 
e s t im a te d  b y  re m o v a l o f u n h y d r o ly s e d  [g am m a-32P]A TP fro m  th e  
r e a c t io n  b y  a d s o r p t io n  to  a c t iv a te d  c h a rc o a l.  L ib e r a te d  [32P i] in  th e  
s u p e r n a t a n t  w as q u a n t i f ie d  b y  l iq u id  s c in t i l la t io n  c o u n tin g .
T o ta l ce ll e x t r a c t s  w e re  p r e p a r e d  fro m  m o c k - in fe c te d  BHK c e lls  a n d  
fro m  c e lls  in f e c te d  w ith  w t  HSV-1, tsK o r  tsK /U L 5 , tsK /U L 8 , tsK /U L 9 
a n d  tsK /U L 52 , e i t h e r  in d iv id u a l ly  o r  in  c o m b in a tio n . E ach  c r u d e  
e x t r a c t  e x h ib i te d  D N A -d e p e n d e n t A T Pase a c t iv i ty  (T a b le  4). H o w ev er, a 
s ig n i f ic a n t  in c r e a s e  in  A T Pase a c t iv i ty  a b o v e  le v e ls  d e te c te d  in  th e  
c o n tr o l  in f e c t io n s  w as  n o t  o b s e r v e d  f o r  a n y  of th e  in fe c t io n s  w ith  
r e c o m b in a n t  v i r u s e s .  T h is  is  p r o b a b ly  d u e  to  th e  p r e s e n c e  o f m any  
h o s t  A T P ase  a c t iv i t ie s  in  th e  e x t r a c t s .
I n  a n  a t te m p t  to  s e p a r a te  a n d  id e n t i f y  s p e c if ic  e n z y m a tic  a c t iv i t ie s  
e n c o d e d  b y  th e  e x p r e s s e d  g e n e s  lim ite d  p u r i f ic a t io n  w as p e r fo rm e d  on  
th e  in f e c te d  c e ll e x t r a c t s .
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F ig u re  3 0 . DNA H e l ic a s e  A ssay  o f  C rude In fe c te d ~ C e l l  E x t r a c t s
T o ta l  c e l l  e x t r a c t s  w ere p re p a re d  from  BHK c e l l s  m o c k - in fe c te d  o r  
i n f e c t e d  a t  t h e  NPT w ith  wt HSV-1, tsK o r  in d iv id u a l  tsK  re c o m b in a n t 
v i r u s e s  ( a s  i n d ic a te d )  and  a s s a y e d  f o r  DNA h e l i c a s e  a c t i v i t y .  
P o s i t i o n s  o f  h y b r id  s u b s t r a t e  (S) and  d i s p la c e d  o l ig o n u c le o t id e  (D) 
a r e  i n d i c a t e d .  No d i s p la c e d  o l ig o n u c le o t id e  was o b se rv e d  in  any  
e x t r a c t  a s s a y e d . A ll r e a c t i o n s  e x h ib i te d  d e g ra d a t io n  o f  t h e  s u b s t r a t e
I n f e c t io n  nm oles ATP h y d ro ly sed
ffef 2 - j  pYc tt.ot
mock 1 .5 3
tsK 1 .7 3
wt HSV-1 1 .8 2
tsK/UL5 1 .4 0
t s K/UL8 1 .7 6
tsK/UL9 1 .11
tsK/UL52 1 .8 0
tsK/UL5+tsK/UL8 0 .8 5
tsK/UL5+tsK/UL9 2 .1 0
tsK/UL5+tsK/UL52 2 .2 6
tsK/UL8+tsK/UL9 2 .5 0
tsK/UL8+ tsK/UL52 0 .5 0
tsK/UL9+ tsK/UL52 0 .9 5
tsK/UL5+tsK/UL8+ tsK/UL9 1 .3 4
tsK/UL5+ tsK /U L8+ t s K/UL52 1 .5 2
tsK/UL5+ t s K/UL9+tsK/UL52 2 .0 4
tsK/UL8+ tsK/UL9+ t s K/UL52 1 .2 7
t s K/TJL5+ tsK/UL8+ tsK/UL9+ tsK/UL52 1 .6 7
T ab le 4 .  DNA-dependent ATPase A c t iv i t y  o f  Crude C e ll  E x tr a c ts
T o ta l  c e l l  e x t r a c t s  w ere p re p a re d  from  BHK c e l l s  i n f e c te d  a s  
i n d i c a t e d  in  colum n 1 and  a s sa y e d  f o r  DNA-dependent ATPase a c t i v i t y .  
L e v e ls  o f  ATP h y d r o ly s i s  (nm oles) by ea ch  e x t r a c t  a r e  i n d ic a te d  in  
colum n 2 .
T o ta l ce ll e x t r a c t s  fro m  BHK c e lls  in f e c te d  e i t h e r  w ith  tsK o r  
m ixed ly  w ith  a ll f o u r  r e c o m b in a n ts ,  fcsK/UL5, tsK /U L 8, tsK /U L 9 a n d  
tsK /U L 52 w e re  , a f t e r  d ia ly s is ,  f r a c t io n a te d  b y  co lum n c h ro m a to g ra p h y  
u s in g  th e  c a tio n  e x c h a n g e  m edium , p h o s p h o c e l lu lo s e , a s  d e s c r ib e d  in  
M a te r ia ls  a n d  M eth o d s  (S e c tio n  2 .41a). E ach  e lu te d  f r a c t io n  of 
a p p ro x im a te ly  250/il w as a s s a y e d  f o r  A T Pase a c t iv i ty .  In  F ig u r e  31, 
c o m p a r iso n  of p a n e ls  a )  a n d  b ) r e v e a ls  a  d i f f u s e  p e a k  o f A T Pase 
a c t iv i ty  in d u c e d  in  c e lls  in f e c te d  w ith  a ll f o u r  r e c o m b in a n ts  t h a t  w as 
n o t  o b s e r v e d  in  c e lls  in f e c te d  w ith  tsK . T h is  s u g g e s t s  t h a t  a  s p e c if ic  
D N A -d e p e n d e n t A T Pase a c t iv i ty  m ay b e  e n c o d e d  b y  o n e  o r  m ore  o f th e  
HSV-1 g e n e s  UL5, UL8, UL9, a n d  UL52. C e llu la r  a n d / o r  o th e r  v i r a l ly  
in d u c e d  A T P ases  w e re  a lso  d e te c te d .
F r a c t io n s  7 -18  w e re  s u b s e q u e n t ly  a s s a y e d  f o r  DNA h e lic a s e  
a c t iv i ty ,  u s in g  a  s u b s t r a t e  e s s e n t ia l ly  a s  b e fo r e  b u t  w ith  th e  s y n th e t ic  
o lig o n u c le o t id e  la b e l le d  a t  th e  3 'e n d  b y  te rm in a l  d e o x y n u c le o tid e  
t r a n s f e r a s e .  C o m p a riso n  o f p a n e ls  a  a n d  b  in  F ig u r e  32 r e v e a ls  t h a t ,  
m u ch  g r e a t e r  d is p la c e m e n t  o f th e  la b e l le d  o lig o n u c le o tid e  w as d e te c te d  
in  f r a c t io n s  fro m  c e lls  m ixed ly  in f e c te d  w ith  th e  f o u r  r e c o m b in a n ts .  
T h is  s u g g e s t s  th e  p r e s e n c e  o f a  n o v e l DNA h e lic a s e  w h ic h  m ay b e  
e n c o d e d  b y  o n e  o r  m ore  o f t h e  g e n e s  UL5, UL8, UL9 a n d  UL52.
SDS-PAGE a n a ly s i s  o f t h e s e  f r a c t io n s ,  sh o w n  in  F ig u r e  33, 
r e v e a le d  t h a t  p o ly p e p t id e s  p r e s e n t  in  f r a c t io n s  p o s s e s s in g  A T Pase 
a c t iv i ty  in c lu d e d  th e  o v e r - p r o d u c e d  UL5, UL8 a n d  UL52 p r o te in s .  T he 
UL9 p r o te in  w as e lu te d  to  som e e x te n t  a r o u n d  200mM NaCl, p e r h a p s  
c o - in c id in g  w ith  t h e  h e lic a s e  a c t iv i ty  in  f r a c t io n s  15 -18 , b u t  m o stly  
a b o v e  350mM. T h e  a b o v e  r e s u l t s  s u g g e s t e d  t h a t  t h e  n o v e l DNA- 
d e p e n d e n t  A T Pase a n d  DNA h e lic a s e  a c t iv i t ie s  m ay b e  e n c o d e d  b y  one  
o r  m o re  o f t h e s e  t h r e e  g e n e s  UL5, UL8 a n d  UL52 a n d  t h a t  UL9 m ay 
a ls o  h a v e  h e lic a s e  a c t iv i ty .
3D. THE IDENTIFICATION OF AN HSV-1 ENCODED
H EU CA SE-PRIM A SE COMPLEX
In  s u p p o r t  o f t h e  a b o v e  c o n c lu s io n  a  com plex  p o s s e s s in g  DNA- 
d e p e n d e n t  A T P ase , D N A -d e p e n d e n t G T Pase, DNA h e lic a s e  a n d  DNA 
p r im a s e  a c t iv i t ie s  w as p u r i f ie d  fro m  HSV-1 in f e c te d  c e lls  a n d  sh o w n  to  
c o m p rise  t h r e e  p o ly p e p t id e s  o f Mr  120,000, 97,000 a n d  70,000 w h ich  
w e re  im m u n o ch em ica lly  id e n t i f ie d  a s  th e  p r o d u c t s  o f th e  HSV-1 g e n e s  
UL52, UL5 a n d  UL8 r e s p e c t iv e ly  (C ru te  e t  al., 1989). F u n c t io n s  o f th i s
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F ig u re  31 . ATPase A c t i v i t y  Induced  by A ll  F o u r tsK  R ecom binan t V iru s e s
P h o s p h o c e l lu lo s e  colum n f r a c t i o n s  o f  t o t a l  c e l l  e x t r a c t s  w ere 
p r e p a re d  from  BHK c e l l s  i n f e c te d  a t  th e  NPT, e i t h e r  w ith  tsK  (a )  o r  
m ix e d ly  w ith  tsK/UL5, tsK/UL8, t s K/UL9 and  tsK/UL52 (b ) and a s sa y e d  
f o r  DN A-dependent ATPase a c t i v i t y .  The e l u t i o n  g r a d i e n t  a p p l ie d  t o  th e  
colum n (M NaCl) i s  i n d ic a te d  by th e  b ro k en  l i n e  in  p a n e l a .
A d i f f u s e  p eak  o f  a c t i v i t y  was in d u ce d  in  c e l l s  i n f e c t e d  w ith  a l l  
f o u r  tsK re c o m b in a n t v i r u s e s  ( f r a c t i o n s  8 -1 5 ; 150-180mM NaCl) w hich
was n o t  p r e s e n t  i n  c e l l s  i n f e c t e d  w ith  tsK .
-45m er
F ig u re  32 . DNA H e l ic a s e  A c t iv i t y  In d u ced  by A ll  F o u r tsK  R ecom binan t 
V iru s e s
S e le c te d  p h o s p h o c e l lu lo s e  f r a c t i o n s  p r e v io u s ly  a s s a y e d  f o r  ATPase 
a c t i v i t y  (F ig u r e  31) w ere s u b s e q u e n t ly  a s sa y e d  f o r  DNA h e l i c a s e  
a c t i v i t y .  Low l e v e l s  o f  d is p la c e m e n t  w ere a p p a re n t  i n  f r a c t i o n s  from  
c e l l s  i n f e c t e d  w ith  tsK  (p a n e l a ) .  In  p a n e l b , f r a c t i o n s  from  c e l l s  
m ix e d ly  i n f e c t e d  w ith  tsK/UL5, tsK/UL8, tsK/UL9 and  tsK/UL52 e x h ib i te d  
g r e a t e r  am ounts o f  o l ig o n u c le o t id e  d is p la c e m e n t .  D isp la c e m e n t o c c u rre d  
c h i e f l y  i n  f r a c t i o n s  1 1 -1 8 , w hich o v e r la p p e d  th e  peak  p r e v io u s ly  shown 
t o  c o n ta in  ATPase a c t i v i t y  (F ig u re  3 1 ) .
F ig u re  33 . P o ly p e p t id e s  P r e s e n t  i n  P h o s p h o c e l lu lo s e  F r a c t io n s
The f i g u r e  shows SDS-PAGE a n a l y s i s  o f  p h o s p h o c e l lu lo s e  f r a c t i o n s  
from  BHK c e l l s  i n f e c t e d  a t  th e  NPT w ith  e i t h e r  tsK (p a n e l a )  o r  
m ix ed ly  w ith  t s K/UL5, tsK/UL8, tsK/UL9 and  tsK/UL52 (p a n e l  b ) . Flow ­
th ro u g h  (FT) and  e lu t e d  f r a c t i o n s  (num bered) a r e  i n d i c a t e d .  M arker 
la n e s  c o n ta in in g  t o t a l  c e l l  e x t r a c t  (T) was from  c e l l s  i n f e c t e d  w ith  
e i t h e r  tsK (p a n e l a )  o r  a l l  f o u r  tsK  re c o m b in a n ts  (p a n e l b ) . P o s i t i o n s  
o f  th e  o v e r - e x p re s s e d  p o ly p e p t id e s  a r e  i n d ic a te d  by th e  a rro w s  and 
d o t s .
The p o ly p e p t id e  p r o f i l e s  o b ta in e d  r e v e a l  t h e  UL5, UL8 and  UL52 
p r o t e i n s  c o - e l u t e  i n  f r a c t i o n s  8 -13  (15 0 -1 8 0  mM N aC l). M ost UL9 
p r o t e i n  was e lu t e d  above 350mM NaCl a l th o u g h  sm a ll am ounts a p p e a re d  t o  
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com plex  a n d  i t s  s u b u n i t s  w e re  t h e r e f o r e  f u r t h e r  in v e s t ig a te d  u s in g  
th e  tsK  r e c o m b in a n t  v i r u s e s .
1. D N A -D ependen t A T Pase
T o ta l ce ll e x t r a c t s  w e re  p r e p a r e d  fro m  BHK c e lls  in f e c te d  w ith  
e i t h e r  tsK  o r  th e  t h r e e  r e c o m b in a n ts ,  tsK /U L 5, tsK /U L 8 a n d  tsK /U L 52, 
e i t h e r  in d iv id u a l ly  o r  in  a ll p o s s ib le  c o m b in a tio n s . F o llo w in g  d ia ly s is  
e x t r a c t s  w e re  p a r t ia l ly  p u r i f ie d  b y  f r a c t io n a t io n  on  p h o s p h o c e l lu lo s e  
co lu m n s a n d  1ml f r a c t io n s  w e re  c o lle c te d  a n d  a s s a y e d  f o r  DNA- 
d e p e n d e n t  A T Pase a c t iv i ty .
C o m p ariso n  of p a n e ls  a  a n d  h  in  F ig u r e  34 r e v e a ls  a p e a k  of 
A T Pase a c t iv i ty  in d u c e d  in  c e lls  t r i p l y  in f e c te d  w ith  a ll t h r e e  
r e c o m b in a n t  v i r u s e s  w h ic h  w as n o t  in d u c e d  in  c e lls  in f e c te d  w ith  tsK. 
T h is  p e a k  o f a c t iv i ty  e lu te d  a t  150-200mM  NaCl, a  v a lu e  s im ila r  to  t h a t  
p r e v io u s ly  r e p o r t e d  f o r  th e  HSV-1 h e l ic a s e - p r im a s e  com plex  (C ru te  e t  
a l. 1988). C ells in f e c te d  w ith  a  s in g le  r e c o m b in a n t  v i r u s  o r  d o u b ly  
in f e c te d  w ith  tsK /U L 5 p lu s  teK /U L 8, o r  w ith  tsK /U L 8 p lu s  tsK /U L 52, 
a ll  e x h ib i te d  A T Pase p r o f i le s  s im ila r  to  t h a t  o b s e r v e d  in  c e lls  in f e c te d  
w ith  tsK  ( r e s p e c t iv e ly ,  p a n e ls  b , c , d , e  a n d  g ) . H o w ev er, w h e re  c e lls  
w e re  d o u b ly  in f e c te d  w ith  tsK /U L 5 p lu s  tsK /U L 52 a  p e a k  o f A T Pase 
a c t iv i ty  w as a g a in  o b s e r v e d  e lu t in g  a t  t h e  sam e s a l t  c o n c e n t r a t io n  a s  
t h a t  in  th e  t r i p l e  in fe c t io n  (p a n e l  f ) .
2. P r e s e n c e  o f  O v e r -E x p re s s e d  P r o te in s  in  P h o s p h o c e llu lo s e  F r a c t io n s
T h e  p o ly p e p t id e s  p r e s e n t  in  th e  a b o v e  f r a c t io n s  w e re  a n a ly s e d  b y  
SDS-PAGE a n d  a r e  sh o w n  in  F ig u r e  35. T h e  p a t t e r n  o b ta in e d  fro m  c e lls  
in f e c te d  w ith  tsK  is  sh o w n  in  p a n e l  a . P a n e ls  h  a n d  f
s h o w ,r e s p e c t iv e ly ,  th e  p r o f i le s  o b ta in e d  fro m  c e lls  t r i p l y  in f e c te d  w ith  
tsK /U L 5 , tsK /U L 8 a n d  tsK /U L 52 o r  d o u b ly  in f e c te d  w ith  tsK /U L 5 a n d  
tsK /U L 52 . B a n d s  c o r r e s p o n d in g  to  t h e  o v e r - p r o d u c e d  p r o te in s  a r e  
in d ic a te d .  In  b o th  r e c o m b in a n t  in fe c t io n s  th e  o v e r - e x p r e s s e d  p r o te in s  
c o - e lu te d ,  c o in c id e n t  w ith  p e a k s  in  e n z y m a tic  a c t iv i ty  ( f r a c t io n s  4 -6 ) .
I n  s in g le  in f e c t io n s  t h e  UL5, UL8 a n d  UL52 p o ly p e p t id e s  (p a n e ls  
b , c  a n d  d  r e s p e c t iv e ly )  e lu te d  d i f f e r e n t ly  from  th e s e  m ixed in fe c t io n s .  
T h e  c o -e lu t io n  th e  HSV-1 UL5, UL8 a n d  UL52 g e n e  p r o d u c t s  u p o n
f r a c t io n a t io n  o f t r i p ly  in f e c te d  ce ll e x t r a c t s  t h e r e f o r e  s u g g e s t s  t h a t  
t h e y  fo rm  a  com plex  w h ic h  is  r e s p o n s ib le  f o r  th e  in d u c t io n  o f DNA- 
d e p e n d e n t  A T Pase a c t iv i ty .  M o re o v e r, t h e  r e s u l t s  in d ic a te  t h a t  th e  
UL8 p r o te in  is  n o t  r e q u i r e d  f o r  t h i s  a c t iv i ty .  I t  is  p o s s ib le  t h a t  th e
UL8 p r o te in  m ay e n h a n c e  th e  A T Pase a c t iv i ty  a l th o u g h  c o m p a riso n  o f
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F ig u re  34 . A N ovel ATPase In d u ced  i n  BHK C e l l s  M u lt ip ly  I n f e c te d  w ith
tsK  R ecom binan t V iru s e s
P h o s p h o c e l lu lo s e  colum n f r a c t i o n s  o f  t o t a l  c e l l  e x t r a c t s  p r e p a re d  
from  BHK c e l l s  i n f e c t e d  a t  th e  NPT w ith  e i t h e r  tsK ( a ) ,  tsK/UL5 ( b ) ,  
tsK/UL8 ( c ) ,  tsK/UL52 ( d ) , tsK/UL5 p lu s  tsK/UL8 ( e ) ,  tsK/UL5 p lu s  
tsK/UL52 ( f ) ,  tsK/UL8 p lu s  tsK/UL52 (g ) o r  t s K/UL5 p lu s  tsK/UL8 p lu s  
tsK/UL52 ( h ) . The colum n e l u t i o n  g r a d i e n t  (M NaCl) i s  i n d ic a te d  a s  a  
b ro k en  l i n e  in  p a n e l a .  F lo w -th ro u g h  ( f t ) ,  wash (w) and  e lu t e d  
f r a c t i o n s  (num bered) a r e  a l s o  i n d i c a t e d .  ATPase a c t i v i t y  p r e s e n t  in  
th e  colum n f lo w - th ro u g h  f r a c t i o n s  a r e  shown a s  a  peak  in  p a n e l a  b u t  
th e  c o r re s p o n d in g  peak  h a s  been  o m it te d  from  p a n e ls  b -h .
A n o v e l peak  o f  DN A-dependent ATPase was e lu t e d  be tw een  150-200mM 
NaCl from  c e l l s  i n f e c t e d  w ith  a l l  t h r e e  t s K re c o m b in a n ts .  T h is  
a c t i v i t y  was a l s o  d e te c te d  b u t  t o  a  l e s s e r  d e g re e ,  i n  c e l l s  d o u b ly  
i n f e c te d  w ith  tsK/UL5 p lu s  tsK/UL52 b u t  a b s e n t  from  a l l  o th e r  
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F ig u re  35 . F r a c t i o n a t i o n  o f  P o ly p e p t id e s  From I n f e c te d  BHK C e l l s :  
E lu t io n  o f  t h e  HSV-1 H e l ic a s e - P r im a s e  Complex
The f ig u r e  shows SDS-PAGE a n a l y s i s  o f  p h o s p h o c e l lu lo s e  f r a c t i o n s  
o f  t o t a l  c e l l  e x t r a c t s  p r e p a re d  from  BHK c e l l s  i n f e c t e d  a t  th e  NPT and 
l a b e l l e d  w ith  35S -L -m e th io n in e . Column f lo w - th ro u g h  (F T ), e lu t e d  
f r a c t i o n s  (num bered) and  a p p r o p r i a t e  t o t a l  c e l l  e x t r a c t  (T) a r e  
in d i c a t e d .  Bands c o r re s p o n d in g  t o  th e  o v e r - e x p re s s e d  p r o t e i n s  a r e  
in d ic a te d  by th e  a rro w s  and  d o t s .
F r a c t io n a t e d  35S - l a b e l l e d  p o ly p e p t id e  p r o f i l e s  w ere o b ta in e d  from  
c e l l s  i n f e c t e d  w ith  tsK ( a ) ,  t s K/UL5 ( b ) ,  tsK/UL8 ( c ) ,  tsK/UL52 ( d ) ,  
t s K/UL5 p lu s  tsK/UL8 ( e ) ,  t s K/UL5 p lu s  tsK/UL52 ( f ) ,  t s K/UL8 p lu s  
t s K/UL52 (g )  and  tsK/UL5 p lu s  t s K/UL8 p lu s  tsK/UL52 ( h ) .
In  p a n e l h , c o - e l u t i o n  o f  th e  UL5, UL8 and  UL52 p r o t e i n s  in  
f r a c t i o n s  4 -7  (150-220mM NaCl) i s  a p p a r e n t .  S im i la r ly ,  in  p a n e l f ,  th e  
UL5 and  UL52 p r o t e i n s  c o - e l u t e .  In  s in g l e  i n f e c t i o n s  o v e r-p ro d u c e d  
p r o t e i n s  e a ch  te n d e d  to  e l u t e  a t  a  h ig h e r  s a l t  c o n c e n t r a t io n  th a n  t h a t  







F ig u re  35 . P a n e ls  e  -  h

p a n e ls  f  a n d  h  of F ig u r e  35 s u g g e s t  t h a t  t h e r e  m ay a c tu a l ly  b e  
s l ig h t ly  m ore  o f th e  UL5 a n d  UL52 p r o te in s  p r e s e n t  in  th e  p e a k  
f r a c t io n s  fro m  th e  t r i p le  in fe c tio n  t h a n  in  th e  c o r r e s p o n d in g  f r a c t io n s  
fro m  th e  d o u b le  in fe c tio n .
3. DNA H e lica se
T he  a b o v e  p h o s p h o c e l lu lo s e  f r a c t io n s  w e re  a lso  a s s a y e d  f o r  DNA 
h e lic a s e  a c t iv i ty  a s  d e s c r ib e d  p r e v io u s ly .  No n o v e l a c t iv i ty  c o u ld  b e  
d e te c te d  f o r  a n y  of th e  r e c o m b in a n t  v i r u s  in fe c t io n s  a b o v e  t h a t  w as 
a b o v e  a  b a c k g r o u n d  le v e l  o f u n w in d in g  d e te c te d  w ith  tsK  co lum n 
f r a c t io n s ,  s im ila r  to  t h a t  o b s e r v e d  in  F ig u r e  32a ( d a ta  n o t  s h o w n ). T he  
r e a s o n  f o r  t h i s  is  n o t  c le a r  s in c e  h e lic a s e  a c t iv i ty  w as d e te c ta b le  in  
f r a c t i o n s  fro m  thd q u a d r u p le  in fe c t io n  w h ic h  c o n ta in e d  th e  UL5, UL8 a n d  
UL52 p r o te in s  ( F ig u r e  32b).
In  su m m a ry , f r a c t io n a t io n  o f in f e c te d  c e ll e x t r a c t s  b y  
p h o s p h o c e l lu lo s e  co lum n c h ro m a to g r a p h y  f a c i l i ta te d  th e  id e n t i f ic a t io n  of 
a D N A -d e p e n d e n t A T Pase in d u c e d  in  BHK c e lls  w h ich  w e re  in f e c te d  
e i t h e r  t r i p l y  w ith  tsK /U L 5 , tsK /U L 8 a n d  tsK /U L 52 o r  d o u b ly  w ith  
tsK /U L 5 a n d  tsK /U L 52 . SDS-PAGE a n a ly s i s  r e v e a le d  th i s  a c t iv i ty  to  c o -  
f r a c t io n a te  w ith  th e  e x p r e s s e d  UL5, UL8 a n d  UL52 p r o te in s  in  th e s e  
in f e c t io n s .  T h e  fo rm a tio n  o f a  com plex  is  s u g g e s t e d  b y  th e  f a c t  t h a t  
in d iv id u a l ly  e x p r e s s e d  UL5, UL8 a n d  UL52 p r o te in s  e a c h  t e n d e d  to  
e lu te  a t  a  h ig h e r  s a l t  c o n c e n t r a t io n  t h a n  t h a t  a t  w h ic h  a ll t h r e e  e lu te d  
w h e n  e x p r e s s e d  to g e t h e r ,  o r  a t  w h ic h  th e  UL5 a n d  UL52 p r o te in s  
e lu te d  fo llo w in g  a  d u a l  in fe c tio n .
A lth o u g h  t h i s  D N A -d e p e n d e n t A T Pase a c t iv i ty  is  l ik e ly  to  b e  
a s s o c ia te d  w ith  a  DNA h e lic a s e  a c t iv i ty ,  a s s a y  o f f r a c t io n s  f o r  h e lic a s e  
a c t i v i t y  p r o v e d  n e g a t iv e .
F u r t h e r  p u r i f ic a t io n  o f in f e c te d  c e ll e x t r a c t s  c o u p le d  w ith  a n  
in c r e a s e  in  t h e  s e n s i t iv i ty  o f t h e  D N A -d e p e n d e n t A T Pase a n d  DNA 
h e lic a s e  a s s a y s  a p p e a r e d  n e c e s s a r y  to  allow  f u r t h e r  p r o g r e s s  in  th e  
s t u d y  o f e n z y m a tic  a c t iv i ty  u s in g  th e  tsK  r e c o m b in a n t  v i r u s e s .  
H o w ev er, s in c e  b a c u lo v i r u s  r e c o m b in a n ts  w h ic h  s y n th e s iz e d  g r e a t e r  
a m o u n ts  o f t h e  UL5, UL8 a n d  UL52 p r o te in s  b ecam e  a v a ila b le  in  th e  
la b o r a to r y ,  t h e s e  w e re  a lso  ex am in ed .
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3E. EXPRESSION OF THE UL5, UL8, UL9 AND UL52 ORFS IN
THE RECOMBINANT BACULOVIRUS SYSTEM
C o n c u r r e n t  w ith  th e  w o rk  d e s c r ib e d  in  th e  p r e c e d in g  s e c tio n s !  
Dr N D Stow  c o n s t r u c te d  f o u r  r e c o m b in a n t  b a c u lo v i r u s e s  e a c h  
e x p r e s s in g  o n e  of th e  f o u r  p r o te in s  UL5, UL8, UL9 o r  UL52. 
R e c o m b in a n t v i r u s e s  w e re  is o la te d  a n d  p u r i f ie d  b y  lim itin g  d i lu t io n  
fro m  S p o d o p te r a  f r u g ip e r d a  i n s e c t  c e lls  w h ic h  h a d  b e e n  c o - t r a n s f e c t e d  
w ith  w t  AcNPV DNA a n d  a  p la sm id  c o n ta in in g  th e  a p p r o p r i a t e  g e n e  
i n s e r t e d  d o w n s tre a m  of th e  s t r o n g ,  la te  p ro m o te r  o f th e  p o ly h e d r in  
g e n e  w ith in  t h e  p o ly h e d r in  g e n e  lo c u s .
1. I d e n t i f ic a t io n  o f  t h e  UL5, UL8, UL9 a n d  UL52 G ene P r o d u c ts  
E x p r e s s e d  b y  R e c o m b in a n t B a c u lo v iru s e s
L in b ro  w ell m o n o la y e rs  o f S p o d o p te r a  f r u g ip e r d a  ( S . f . )  c e lls  w e re  
in f e c te d  a t  a  m u lt ip l ic i ty  o f 10 p . f .u . / c e l l  w ith  e i t h e r  w t  AcNPV o r  on e  
of th e  f o u r  r e c o m b in a n t  v i r u s e s  AcUL5, AcUL8, AcUL9 o r  AcUL52. A f te r  
l h r  a t  room  t e m p e r a tu r e  t h e  in f e c te d  c e lls  w e re  o v e r la id  w ith  T C 100/5  
a n d  in c u b a te d  a t  28°C. At 24 h p i  t h e  in f e c te d  c e lls  w e re  la b e l le d  in  
TC100 s a l t s  c o n ta in in g  30pC i/w ell [3 5 S ]-L -m e th io n in e  f o r  5 - 6 h r  a t  28°C 
a f t e r  w h ic h  th e  c e lls  w e re  ly s e d  in  sam p le  b u f f e r .  SDS-PAGE a n a ly s is  
o f t h e s e  e x t r a c t s  ( F ig u r e  36) sh o w s  t h a t  t h e  p r o d u c t s  o f th e  i n s e r t e d  
g e n e s  w e re  r e a d i ly  a p p a r e n t .  C o m p a riso n  o f th e  e q u iv a le n t  r e c o m b in a n t  
b a c u lo v i r u s  a n d  tsK in fe c t io n s  in  p a n e ls  a  a n d  b  r e s p e c t iv e ly  sh o w s 
th e  e le c t r o p h o r e t i c  m o b ility  o f th e  UL5, UL8, UL9 a n d  UL52 p r o te in s  to  
b e  t h e  sam e in  b o th  ceU ty p e s .  T h is  s u g g e s t s  t h a t  t h e s e  p r o te in s  do  
n o t  u n d e r g o  a n y  \  d i f f e r e n t i a l  p o s t - t r a n s la t io n a l  m o d if ic a tio n s  w h e n  
e x p r e s s e d  in  i n s e c t  c e lls . T he  a p p e a r a n c e  o f a d d it io n a l  low m o le c u la r  
w e ig h t  b a n d s  s p e c if ic  to  in fe c t io n s  w ith  d i f f e r e n t  r e c o m b in a n t  
b a c u lo v i r u s e s  m ay in d ic a te  a  d e g r e e  o f p r o te o ly t ic  d e g r a d a t io n  o f th e  
e x p r e s s e d  p r o te in s .
F ig u r e  37, p a n e ls  a  a n d  b , show  p o ly p e p t id e s  fro m  in fe c t io n s  w ith  
t h e  b a c u lo v i r u s  a n d  tsK re c o m b in a n ts  s ta in e d  b y  C oom assie  B r i l l ia n t  
B lue . T h e  p r o d u c t s  o f th e  i n s e r t e d  g e n e s  w e re  r e a d i ly  id e n t i f ie d  in  
r e c o m b in a n t  b a c u lo v i r u s  in fe c t io n s .  I n  th e  tsK r e c o m b in a n t  in f e c t io n s ,  
o n ly  t h e  UL9 g e n e  p r o d u c t  w as v is ib le .  T h e  r e s u l t s  in d ic a te  t h a t  m uch  
g r e a t e r  le v e ls  o f e x p re s s io n  a r e  p r o v id e d  b y  th e  b a c u lo v i r u s  s y s te m , 
a n d  f u r t h e r  e x p e r im e n ts  w e re  t h e r e f o r e  p e r fo rm e d  on  th e  HSV-1 
e n z y m a tic  a c t iv i t ie s  e x p r e s s e d  in  t h i s  s y s te m . I t  s h o u ld  a lso  b e  n o te d  
t h a t  F ig u r e s  36 a n d  37 sh o w  S .f. in f e c te d  c e lls  h a r v e s t e d  a t  a  tim e
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F ig u r e  3 6 . O v e r -E x p re s s io n  o f  HSV-1 P o ly p e p t id e s  i n  R ecom binan t t s K 
an d  B a c u lo v iru s  System s 
The f i g u r e  shows SDS-PAGE a n a ly s i s  o f  s s s - l a b e l l e d  p o ly p e p t id e s  
p r e p a re d  from  a )  BHK c e l l s  i n f e c te d  w ith  e i t h e r  wt HSV-1, tsK  o r  
i n d iv id u a l  tsK  re c o m b in a n t v i r u s e s ,  tsK /UL5, tsK /UL8, t^ (/U L 9  and  
t s K/U152, a s  i n d i c a t e d ,  and  b) S . f .  c e l l s  i n f e c t e d  w ith  e i t h e r  wt  
AcNPV o r  in d iv id u a l  re c o m b in a n t b a c u lo v i r u s e s ,  a s  i n d i c a t e d .  The o v e r ­
e x p re s s e d  HSV-1 p o ly p e p t id e s  a r e  i n d ic a te d  by th e  a r ro w s .
tsK 5 8 9 52 HSV AcNPV 5 8 9 52
Figure 37. Coomassie-Blue Staining of Infected-Cell Polypeptides
The figure shows a coomassie-blue stained SDS-PAGE analysis of 
polypeptides prepared from a) BHK cells infected at the NPT with 
either wt HSV-1, tsK or individual tsK recombinant viruses, as 
indicated, and b) S . f .  cells infected with either wt AcNPV or 
individual recombinant baculoviruses and lysed in sample buffer at 
8 hpi (a) or 30 hpi (b). HSV-1 polypeptides expressed in the 
baculovirus system are indicated by the arrows. HSV-1 proteins over­
expressed in the tsK system were barely visible indicating that a 
greater level of expression of the replication proteins is achieved in 
insect cells than in BHK cells.
c o n s id e r a b ly  e a r l i e r  t h a n  t h a t  a t  w h ic h  maximum le v e ls  of fo re ig n  
p r o te in  a r e  e x p r e s s e d  from  th e  p o ly h e d r in  p ro m o te r  (48 -72  h p i) .  T he
r e a s o n s  f o r  h a r v e s t in g  a t  30 h p i  a r e  o u t l in e d  below .
(a )  I n s o lu b i l i ty  o f  t h e  UL52 P r o te in  a n d  t h e  P r e p a r a t io n  o f E x t r a c ts
fro m  in f e c te d  S . f .  c e lls
A lth o u g h  y ie ld s  o f th e  HSV-1 p r o te in s  w e re  m u ch  g r e a t e r  in  
e x t r a c t s  p r e p a r e d  a t  l a t e r  tim es  p o s t - in f e c t io n ,  f o r  exam ple  5 0 h p i, 
f r a c t io n a t io n  e x p e r im e n ts  sh o w e d  t h a t  th e  UL52 p r o te in  becam e 
in s o lu b le  a n d  c o u ld  o n ly  b e  i s o la te d  in  a  r a p id ly  s e d im e n tin g  fo rm . 
W hen e x t r a c t s  w e re  h a r v e s t e d  a t  3 0 h r  y ie ld s  o f th e  HSV-1 p r o te in s  
w e re , a s  e x p e c te d , r e d u c e d  b u t  th e  UL52 g e n e  p r o d u c t  w as fo u n d  
p re d o m in a n t ly  in  a  s o lu b le  fo rm  in  t h e  c y to p la sm ic  f r a c t io n .  Co­
e x p r e s s io n  o f t h e  UL5, UL8 a n d  UL52 p r o te in s  in  th e  sam e ce ll a lso  
t e n d e d  to  in c r e a s e  th e  p r o p o r t io n  o f UL52 p r o te in  w h ic h  w as s o lu b le  
la te  in  in fe c t io n . T h is  is  p r o b a b ly  b e c a u s e  o f th e  a s s o c ia t io n  o f th e  
t h r e e  p r o te in s  in  a  com plex  (C ru te  e t  al. 1989). T he  p r o p o r t io n  o f UL52 
p r o te in  r e c o v e r e d  fro m  th e  s o lu b le  f r a c t io n  u n d e r  t h e s e  c o n d it io n s , 
h o w e v e r , v a r i e d  a n d  on  o c c a s io n s  a  s u b s ta n t i a l  a m o u n t re m a in e d
in s o lu b le .  E x p e r im e n ts  e x a m in in g  th e  in d u c t io n  o f e n z y m a tic  a c t iv i t ie s
b y  th e s e  r e c o m b in a n t  v i r u s e s  w e re  t h e r e f o r e  a ll p e r fo rm e d  on  e x t r a c t s  
p r e p a r e d  3 0 h p i. E f f ic ie n t  r e c o v e r y  o f th e  o v e r - e x p r e s s e d  HSV-1 
p r o te in s  w as a c h ie v e d  b y  ly s is  o f in f e c te d  c e lls  w ith  NP40 in  th e  
p r e s e n c e  o f e i t h e r  low o r  h ig h  s a l t  c o n c e n t r a t io n s  to  g iv e  c y to p la sm ic  
o r  to ta l  c e l lu la r  e x t r a c t s ,  r e s p e c t iv e ly .
3F . FUNCTIONAL CHARACTERISATION OF GENE PRODUCTS
OVER-EXPRESSED BY RECOMBINANT BACULOVIRUSES
E x p e r im e n ts  s im ila r  to  th o s e  d e s c r ib e d  a b o v e  u s in g  th e  tsK  
r e c o m b in a n t  v i r u s e s  w e re  c a r r ie d  o u t  w ith  th e  r e c o m b in a n t  
b a c u lo v i r u s e s  in  a n  a t te m p t  to  d e te rm in e  w h e th e r  th e  i n s e c t  c e ll -  
e x p r e s s e d  p r o te in s  w e re  fu n c t io n a l  a n d  to  c o n firm  a n d  e x te n d  th e  
p r e v io u s ly  d e s c r ib e d  f in d in g s .
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A ssem b ly  o f t h e  HSV-1 H e lic a s e -P r im a s e  Com plex in  I n s e c t  C ells
1. D N A -D ep en d en t A T Pase
S .f .  c e lls  w e re  in f e c te d  w ith  AcNPV o r  th e  t h r e e  re c o m b in a n t  
v i r u s e s  AcUL5, AcUL8 a n d  AcUL52 e i t h e r  in d iv id u a l ly  o r  in  a ll p o s s ib le  
c o m b in a tio n s . I n fe c t io n s  w e re  la b e l le d  w ith  [35S ] -L -m e th io n in e  a t  
2 4 h p i a n d  th e  c e lls  h a r v e s t e d  a t  3 0 h p i. O v e r - e x p r e s s e d  HSV-1 
p r o te in s  w e re  r e c o v e r e d  in  to ta l  ce ll e x t r a c t s  w h ic h  w e re  s u b s e q u e n t ly  
d ia ly s e d  a n d  f r a c t io n a te d  on  p h o s p h o c e l lu lo s e  co lu m n s. C o llec ted  
f r a c t io n s  w e re  a s s a y e d  f o r  A T Pase a c t iv i ty  in  th e  p r e s e n c e  of 
a c t iv a te d  c a lf  th y m u s  DNA.
C o m p ariso n  o f F ig u r e  38, p a n e ls  a  a n d  h , r e v e a ls  a  d i s t i n c t  p e a k  
o f A T Pase a c t iv i ty ,  n o t  p r e s e n t  in  c e lls  in f e c te d  w ith  th e  v e c to r ,  
AcNPV, w as in d u c e d  in  c e lls  t r i p ly  in f e c te d  w ith  AcUL5, AcUL8 a n d  
AcUL52. T h is  p e a k  o f a c t iv i ty  e lu te d  a t  150-200mM  NaCl, a  v a lu e  
s im ila r  to  t h a t  o b s e r v e d  f o r  th e  A T Pase a c t iv i ty  fro m  BHK c e lls  t r i p ly  
in f e c te d  w ith  tsK /U L 5 , tsK /U L 8 a n d  tsK /U L 52 ( F ig u r e  34), a n d  a lso  
s im ila r  to  t h a t  r e p o r t e d  f o r  th e  HSV-1 h e l ic a s e - p r im a s e  com plex  (C ru te  
e t  al. 1988). T h e  n o v e l A T Pase w as sh o w n  to  b e  s t im u la te d  b y  th e  
p r e s e n c e  o f a c t iv a te d  DNA in  th e  r e a c t io n  ( F ig u r e  39). A 1 0 -fo ld  
i n c r e a s e  in  a c t iv i ty  w as o b s e r v e d  in  th e  p r e s e n c e  o f 2 0 ^ g /m l a c t iv a te d  
c a lf  th y m u s  DNA c o m p a re d  w ith  i t s  a b s e n c e .
A T P ase  p r o f i le s  o b ta in e d  fro m  S .f .  c e lls  in f e c te d  w ith  e i t h e r  AcUL5, 
AcUL8 o r  AcUL52 a lo n e  o r  d o u b ly  in f e c te d  w ith  AcUL5 a n d  AcUL8, o r  
w ith  AcUL8 a n d  AcUL52, w e re  e a c h  a lm o s t id e n t ic a l  to  t h a t  o b ta in e d  
fro m  th e  c o n tro l  AcNPV e x t r a c t  ( F ig u r e  38 p a n e ls  b , c , d , e  a n d  g  
r e s p e c t iv e ly ) .
H o w ev er, a  d i s t i n c t  p e a k  o f A T Pase a c t iv i ty  w as o b ta in e d  fro m  S .f .  
c e lls  d o u b ly  in f e c te d  w ith  AcUL5 a n d  AcUL52 w h ic h  e lu te d  a t  th e  sam e
s a l t  c o n c e n t r a t io n  a s  t h a t  fro m  th e  t r i p ly  in f e c te d  c e lls  ( F ig u r e  38,
p a n e l  c ).
T h e s e  r e s u l t s  (C a ld e r  a n d  S tow , 1990) c o n firm  a n d  e x te n d  th e
w o rk  o f D odson  e t  a l.( 1989), w ho d e m o n s t r a te d  t h a t  th e  HSV-1
h e l ic a s e - p r im a s e  com plex  c o u ld  a s se m b le  in  v iv o  in  in s e c t  c e lls  m ixed ly  
in f e c te d  w ith  b a c u lo v i r u s e s  e x p r e s s in g  th e  UL5, UL8 a n d  UL52 g e n e  
p r o d u c t s .  T h e y  a d d it io n a l ly  show  t h a t  th e  e x p re s s io n  o f t h e  HSV-1 
UL8 g e n e  p r o d u c t  is  n o t  r e q u i r e d  f o r  t h e  in d u c t io n  o f th e  n o v e l DNA- 
d e p e n d e n t  A T Pase a c t iv i ty  a s s o c ia te d  w ith  th e  com plex . T h e  a b s e n c e  
o f t h e  UL8 p r o te in  r e s u l t e d  in  o n ly  a sm all d e c r e a s e  in  th e  le v e l  o f 
A T P ase  d e te c te d .
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F ig u re  38 . A N ovel DN A-dependent ATPase In d u ced  i n  S . f .  C e l l s  M u lt ip ly  
I n f e c te d  w ith  R ecom binan t B a c u lo v ir u s e s
T o ta l  c e l l  e x t r a c t s  w ere p r e p a re d  from  S . f .  c e l l s  i n f e c t e d  w ith  
e i t h e r  wt  AcNPV ( a ) ,  AcUL5 (b , AcUL8 ( c ) ,  AcUL52 ( d ) y AcUL5 p lu s  AcUL8 
( e ) ,  AcUL5 p lu s  AcUL52 ( f ) ,  AcUL8 p lu s  AcUL52 (g )  o r  AcUL5 p lu s  AcUL8 
p lu s  AcUL52 ( h ) ,  f r a c t i o n a t e d  on p h o s p h o c e l lu lo s e  colum ns and  a s s a y e d  
f o r  DN A-dependent ATPase a c t i v i t y .  ATPase a c t i v i t y  i n  th e  colum n f lo w ­
th ro u g h  f r a c t i o n s  (p eak  0 .8  nmol ATP h y d ro ly s e d )h a s  been  o m it te d  from  
th e s e  g ra p h s .  Wash (w) and  e lu t e d  (num bered) f r a c t i o n s  a r e  i n d i c a t e d .  
The colum n e l u t i o n  g r a d i e n t  (M NaCl) i s  i n d ic a te d  a s  th e  b ro k e n  l i n e  
in  p a n e l a .
Novel p e a k s  o f  ATPase a c t i v i t y  w ere e lu t e d  be tw een  f r a c t i o n s  4 -7  
(150-220mM NaCl) from  c e l l s  t r i p l y  i n f e c t e d  w ith  a l l  t h r e e  re c o m b in a n t 
b a c u lo v i r u s e s  (h )  and  from  c e l l s  d o u b ly  i n f e c t e d  w ith  AcUL5 p lu s  
AcUL52 ( f ) .  I n d u c t io n  o f  t h i s  a c t i v i t y  was n o t  o b se rv e d  in  any  o th e r  
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F ig u re  3 9 . DNA D ependence o f  ATPase In d u ced  i n  S . f .  C e l l s  T r ip ly  
I n f e c te d  w ith  AcUL5, AcUL8 and  AcUL52
The f i g u r e  shows ATP h y d r o ly s i s  e x h ib i te d  by p h o s p h o c e l lu lo s e  
colum n f r a c t i o n  4 ( s e e  F ig u re  38) from  c e l l s  t r i p l y  i n f e c t e d  w ith  
re c o m b in a n t b a c u lo v i r u s e s  AcUL5, AcUL8 and AcUL52 in  th e  p re s e n c e  o f  
i n c r e a s in g  am ounts o f  a c t i v a t e d  c a l f  thym us DNA.
2. DNA h e lic a s e
T he a b o v e  co lum n f r a c t io n s  w e re  a lso  a s s a y e d  f o r  DNA h e lic a s e  
a c t iv i ty .  An im p ro v e m e n t to  th e  p ro to c o l  u s e d  w ith  th e  tsK  s y s te m  
w as to  im p lem e n t th e  u s e  o f h e lic a s e  b u f f e r  2 ( d e s c r ib e d  in  M a te ria ls  
a n d  M eth o d s , S e c tio n  2B .35). C o n d itio n s  a l t e r e d  in c lu d e d  a  d e c r e a s e  in  
th e  c o n c e n t r a t io n  o f Mg2+ io n s , a n  in c r e a s e  in  th e  c o n c e n t r a t io n  o f 
ATP a n d  DTT, a n d  th e  a d d it io n  o f g ly c e r o l  to  a  c o n c e n t r a t io n  o f lOSfe in  
th e  r e a c t io n  (C ru te  e t  al., 1989). F r a c t io n s  6 - 8  fro m  S .f .  c e lls  
i n f e c te d  w ith  w t  AcNPV e x h ib i te d  a  v e r y  low le v e l  of d is p la c e m e n t  of 
la b e l le d  o l ig o n u c le o t id e , in d ic a t iv e  o f a  low le v e l  o f h e lic a s e  a c t iv i ty  
( F ig u r e  40, p a n e l  a ) . Sm all v a r ia t io n s  in  th e  a m o u n t o f h y b r id  
s u b s t r a t e  p r e s e n t  a t  th e  to p  of th e  g e l  p r o b a b ly  r e s u l t  from  th e  
a c tio n  o f n u c le a s e s .  V e ry  s im ila r  p a t t e r n s  w e re  a lso  o b ta in e d  from  
c e lls  s in g ly  in f e c te d  w ith  AcUL5, AcUL8 o r  AcUL52, o r  c o - in f e c te d  w ith  
AcUL5 p lu s  AcUL8, o r  w ith  AcUL8 p lu s  AcUL52 ( d a ta  n o t  sh o w n ).
H o w ev er, m a jo r  n o v e l p e a k s  o f h e lic a s e  a c t iv i ty  w e re  o b ta in e d  from  
c e lls  in f e c te d  e i t h e r  w ith  a ll t h r e e  r e c o m b in a n t  v i r u s e s  o r  w ith  AcUL5 
p lu s  AcUL52 ( F ig u r e  40, p a n e ls  b  a n d  c ). I n  b o th  c a s e s  maximum 
h e lic a s e  a c t iv i ty  w as p r e s e n t  in  f r a c t io n s  4 - 6 ,  c o in c id e n t  w ith  th e  
p e a k  o f A T Pase a c t iv i ty  . T h e r e f o r e ,  a s  w ith  th e  A T Pase a c t iv i ty ,  th e  
n o v e l DNA h e lic a s e  d o e s  n o t  r e q u i r e  t h e  p r e s e n c e  o f th e  UL8 p r o te in .
T he  n o v e l DNA h e lic a s e  p r o d u c e d  in  b o th  d o u b le  a n d  t r i p le  
in f e c t io n s  w as d e p e n d e n t  u p o n  th e  p r e s e n c e  o f ATP a n d  Mg2+ io n s  in  
t h e  a s s a y  f o r  a c t iv i ty  ( F ig u r e  41).
3. P r e s e n c e  o f  HSV-1 S p e c if ie d  P r o te in s  in  
P h o s p h o c e llu lo s e  C olum n F r a c t io n s
F ig u r e  42 sh o w s  SDS-PAGE a n a ly s is  o f f r a c t io n s  fro m  th e  
p h o s p h o c e l lu lo s e  c o lu m n s d e s c r ib e d  a b o v e . T he  p a t t e r n s  o b ta in e d  from  
S .f .  c e lls  in f e c te d  w ith  AcNPV, t r i p ly  in f e c te d  w ith  AcULS, AcUL8 a n d  
AcUL52, a n d  d o u b ly  in f e c te d  w ith  AcUL5 a n d  AcUL52 a r e  r e p r e s e n t e d  
in  p a n e ls  a , h  a n d  f  r e s p e c t iv e ly .  B a n d s  c o r r e s p o n d in g  to  th e  
e x p r e s s e d  HSV-1 p r o te in s  a r e  in d ic a te d .  I n  b o th  r e c o m b in a n t  v i r u s  
in f e c t io n s  th e  HSV-1 p r o te in s  c o -e lu te d  a n d  w e re  p r e s e n t  in  m axim al 
a m o u n ts  in  f r a c t i o n s  4 - 6 ,  c o in c id e n t  w ith  p e a k s  o f A T Pase a n d  
h e l ic a s e  a c t iv i ty .
In  c e lls  s in g ly  in f e c te d  w ith  e i t h e r  AcUL5, AcUL8 o r  AcUL52 th e  HSV-1 
p o ly p e p t id e s  e a c h  t e n d e d  to  e lu te  a t  a  h ig h e r  s a l t  c o n c e n t r a t io n  (2 0 0 - 
300mM, a n d  in  t h e  2M w a sh )  t h a n  in  a  m ixed  in fe c t io n . A s e c o n d
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F ig u re  4 0 . A N ovel DMA H e l ic a s e  In d u ced  i n  S . f .  C e l l s  M u lt ip ly  
I n f e c te d  W ith  R ecom binant B a c u lo v iru s e s
Phosphocellulose column fractions of total cell extracts prepared 
form S . f .  cells infected with either wt AcNPV (A ), AcUL5 plus AcUL8 
plus AcUL52 (B) or AcUL5 plus AcUL52 (C) were assayed for DNA helicase 
activity using the DNA substrate described in the text. The profiles 
of helicase activity in the phosphocellulose column fractions from the 
other extracts (AcUL5, AcUL8, AcUL52, AcUL5 plus AcUL8 and AcUL8 plus 
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F ig u re  4 1 . The N ovel DNA H e l ic a s e  i s  D ependen t upon ATP an d  Hg2 +
DNA helicase activity of phosphocellulose column fractions 
containing the UL5 and UL52 proteins or the UL5, UL8 and UL52 proteins 
was assayed, using the tailed substrate described in the text, in the 
presence and absence of ATP (3mM) and Mg2+ (3.5mll) as indicated.
F ig u re  4 2 . F r a c t i o n a t io n  o f  P o ly p e p t id e s  P r e s e n t  i n  S . f .  C e l l s  
I n f e c te d  w ith  R ecom binan t B a c u lo v ir u s e s
The f ig u r e  shows SDS-PAGE a n a ly s i s  o f  p h o s p h o c e l lu lo s e  colum n 
f r a c t i o n s  o f  t o t a l  c e l l  e x t r a c t s  p r e p a re d  from  S . f .  c e l l s  i n f e c t e d  
w ith  e i t h e r  wtAcNPV ( a ) ,  AcUL5 ( b ) ,  AcUL8 ( c ) ,  AcUL52 ( d ) ,  AcUL5 p lu s  
AcUL8 ( e ) ,  AcUL5 p lu s  AcUL52 ( f ) ,  AcUL8 p lu s  AcUL52 (g ) o r  AcUL5 p lu s  
AcUL8 p lu s  AcUL52 ( h ) . Column f lo w - th ro u g h  (F T ), e lu t e d  f r a c t i o n s  
(num bered) and  a p p r o p r i a t e  t o t a l  c e l l  e x t r a c t  (T) a r e  i n d i c a t e d .  Bands 
c o r re s p o n d in g  to  o v e r - e x p re s s e d  HSV-1 p o ly p e p t id e s  a r e  i n d ic a te d  by 
th e  a r ro w s .

F ig u re  42 . P a n e ls

f e a tu r e  o f th e s e  p r o te in s  w h e n  e x p r e s s e d  a lo n e  w as t h a t  a l a r g e r  
p r o p o r t io n  o f p r o te in  fa i le d  to  b in d  th e  co lum n ( F ig u r e  42, p a n e ls  b , c 
a n d  d  r e s p e c t iv e ly ) .
T h e se  r e s u l t s  co n firm  p r e v io u s  r e p o r t s  t h a t  th e  UL5, UL8 a n d  UL52
p r o te in s  fo rm  a  com plex  in  in f e c te d  c e lls  (C ru te  e t  a l. 1989, D odson  e t
a l. 1989). M o re o v e r, t h e y  s t r o n g ly  s u g g e s t  t h a t  th e  UL5 a n d  UL52
p r o te in s  a r e  a lso  a b le  to  fo rm  a  com plex  in  th e  a b s e n c e  o f th e  UL8 
p r o te in .  A r e c e n t  r e p o r t  b y  D odson  a n d  L ehm an  (1991) s u p p o r t s  th i s  
c o n c lu s io n .
4. I s  t h e  UL5 P r o te in  t h e  DNA H e lica se?
Amino a c id  s e q u e n c e  a n a ly s is  h a s  r e v e a le d  t h a t  th e  UL5 g e n e
p r o d u c t  p o s s e s s e s  a n  N T P -b in d in g  s i t e  a n d  s h a r e s  s e q u e n c e  m o tifs  
w ith  m em b e rs  o f a  fam ily  o f p r o te in s  k n o w n  to  h a v e  DNA a n d  RNA 
h e lic a s e  a c t iv i t ie s  (G o rb a le n y a  a n d  K oonin  1989, G o rb a le n y a  e t  a l. 1989, 
H odgem an  1988). H o w ev er, th e  r e s u l t s  o f a s s a y s  p e r fo rm e d  on  
p h o s p h o c e l lu lo s e  co lum n f r a c t io n a te d  e x t r a c t s  fro m  c e lls  s in g ly  in f e c te d  
w ith  e i t h e r  a  b a c u lo v i r u s  o r  tsK re c o m b in a n t  v i r u s  e x p r e s s in g  th e  UL5 
p r o te in  p r o v id e d  no  e v id e n c e  t h a t  t h e  UL5 p r o te in  a lo n e  e x h ib i te d  
h e l ic a s e  a c t iv i ty .  E x t r a c t  p r e p a r e d  fro m  S .f .  c e lls  in f e c te d  w ith  AclIL5 
w as a l t e r n a t iv e ly  f r a c t io n a te d  b y  MONO-Q io n -e x c h a n g e  FPLC (M a te ria ls  
a n d  M e th o d s , S e c tio n  2B .3 3 (b )). SDS-PAGE a n a ly s is  o f c o lle c te d  
f r a c t i o n s  ( F ig u r e s  43) show  t h a t  t h e  UL5 p r o te in  e lu te d  in  a  b r o a d  
p e a k  b e tw e e n  f r a c t io n s  16 a n d  28 (250-500m M  NaCl). F r a c t io n s  w e re  
a s s a y e d  f o r  D N A -d e p e n d e n t A T Pase a n d  DNA h e lic a s e  a c t iv i t ie s  a s  
d e s c r ib e d  p r e v io u s ly  f o r  t h e  p h o s p h o c e l lu lo s e  f r a c t io n s  ( F ig u r e s  44 
a n d  45 r e s p e c t iv e ly ) .  T h e  r e s u l t s  in d ic a te  t h a t  th e  UL5 p r o te in  a lo n e  
d o e s  n o t  e x h ib i t  a n y  d e te c ta b le  A T Pase o r  h e lic a s e  a c t iv i ty .
T h e  s ig n i f ic a n c e  o f m ore  s lo w ly  m ig ra t in g  b a n d s  in  f r a c t i o n s  17 
a n d  22 is  u n c le a r .  I t  is  p o s s ib le  t h a t  som e p r o te in  in  t h e  f r a c t io n  m ay 
b in d  d is p la c e d  o l ig o n u c le o t id e  a n d  t h e r e b y  r e t a r d  i t s  m o b ility  in  th e  
g e l. H o w ev er, f u r t h e r  e x p e r im e n ts  w o u ld  b e  n e c e s s a r y  to  s u p p o r t  th i s  
h y p o th e s i s .
5. T h e  UL9 P r o te in  i s  a  DNA H elica se
Amino a c id  s e q u e n c e  a n a ly s is  r e v e a ls  t h a t  t h e  UL9 g e n e  p r o d u c t  
a lso  c o n ta in s  a n  N T P -b in d in g  s i te  a n d  c h a r a c te r i s t i c  h e l ic a s e  m o tifs  
s u g g e s t i n g  t h a t  t h e  UL9 p r o te in  m ay h a v e  N T Pase a n d  DNA h e lic a s e  
a c t iv i t ie s .  T h e  c h a r a c te r i s t i c  m o tifs  a r e  p r e s e n t  w ith in  t h e  N - te rm in a l
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F ig u r e  4 3 . P re s e n c e  o f  t h e  UL5 P r o t e i n  i n  FPLC F r a c t i o n s :  SDS-PAGE
The figure shows SDS-PAGE analysis of s5S-labelled polypeptides 
present in FPLC fractionated total cell extract prepared from S . f .  
cells infected with AcUL5. Fractions (1-34), which include flow­
through and wash, and marker lanes containing total cell extract 
prepared from S . f .  cells infected with wtAcNPV (wt) or AcUL5 (T) are 
indicated. The position of the UL5 protein is indicated in the total 
cell extract by the arrow. This protein elutes from the 'Mono-Q1 
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F ig u re  4 4 . P u r i f i e d  UL5 P r o t e i n  I s  Wot An ATPase
The FPLC f r a c t i o n s  from  A cU L 5 -in fec ted  S . f .  c e l l s  ( F ig u r e  43) w ere 
a s s a y e d  f o r  DN A-dependent ATPase a c t i v i t y .  The colum n e l u t i o n  g r a d i e n t  
i s  i n d ic a te d  a s  th e  b ro k en  l i n e .  No s i g n i f i c a n t  peak  o f  ATPase 
a c t i v i t y  was d e te c te d  i n  th e  f r a c t i o n s  c o n ta in in g  th e  UL5 p r o t e i n  
( f r a c t i o n s  1 6 -2 8 ) .
1 4 S D
-hybrid
45mer
Figure 45. Purified UL5 Protein Is Not A DNA Helicase
The FPLC fractions (1-34, as indicated) of total cell extracts 
prepared from S . f .  cells infected with AcUL5 (Figure 43) were also 
assayed for DNA helicase activity. Positions of hybrid substrate (S) 
and displaced oligonucleotide (D) are indicated. Displacement of 
single-stranded 45mer was not observed with any fraction. The 
significance of slower migrating bands present in fractions 17 and 22 
(indicated by the arrows) is not clear.
400 am ino a c id s  of th e  851 am ino a c id  UL9 p o ly p e p t id e .  G o rb a le n y a  a n d  
K oonin  (1989) in c lu d e  th e  UL9 p r o te in  in  s u p e r fa m ily  2 of k n o w n  a n d  
p u ta t iv e  DNA a n d  RNA h e lic a s e s .  I n t a c t  UL9 p r o te in  e x p r e s s e d  b y  th e
re c o m b in a n t  b a c u lo v i ru s  AcUL9 h a s  b e e n  p u r i f ie d  b y  a f f in i ty
<x
c h ro m a to g r a p h y  on  \  co lum n c o n ta in in g  a c o v a le n tly  l in k e d  d o u b le ­
s t r a n d e d  o lig o n u c le o tid e  c o r r e s p o n d in g  to  th e  UL9 r e c o g n i t io n  
s e q u e n c e  (N D S tow , u n p u b l is h e d  r e s u l t s ) .  T he  C - te rm in a l  317 am ino 
a c id s  (a p p ro x im a te ly  o n e - th i r d )  o f th e  UL9 p r o te in  (U L9C T), w h ic h  
p o s s e s s e s  th e  s e q u e n c e - s p e c i f ic  D N A -b ind ing  dom ain  b u t  la c k s  a n  NTP- 
b in d in g  s i t e  (W eir e t  al., 1989), w as a lso  e x p r e s s e d  in  a  r e c o m b in a n t  
b a c u lo v i r u s  a n d  s im ila r ly  p u r i f ie d  (N D S tow , u n p u b l is h e d  r e s u l t s ) .
T h e  a b i l i ty  o f t h e  UL9 p r o te in  to  u n w in d  d u p le x  DNA w as 
in v e s t ig a te d .  A liq u o ts  o f a f f in i ty  p u r i f ie d  UL9 p r o te in  a n d  UL9CT 
p r o te in s ,  p r o v id e d  b y  D r N D S tow , w e re  a s s a y e d  f o r  DNA h e lic a s e  a s  
p r e v io u s ly  d e s c r ib e d  f o r  th e  p h o s p h o c e l lu lo s e  co lum n  f r a c t io n s  
(S e c t io n  3F .2 ). F ig u r e  46, p a n e l  b  sh o w s  t h a t  t h e  UL9 p r o te in  
f u n c t io n s  a s  a  DNA h e lic a s e  a n d  d is p la c e s  th e  la b e l le d  o lig o n u c le o tid e . 
T h is  a c t i v i t y  w as fo u n d  to  b e  d e p e n d e n t  u p o n  th e  p r e s e n c e  o f ATP 
a n d  Mg2+ io n s , a s  sh o w n  in  F ig u r e  47. DNA h e lic a s e  a c t i v i t y  w as n o t  
d e te c te d  w h e n  th e  h e lic a s e  m o tifs  w e re  a b s e n t ,  a s  d e m o n s t r a te d  b y  th e  
in a b i l i ty  o f t h e  UL9CT p r o te in  to  d is p la c e  th e  la b e l le d  o lig o n u c le o t id e . 
I n t a c t  UL9 p r o te in  w as a lso  a b le  to  d is p la c e  a  la b e l le d  o lig o n u c le o t id e  
fro m  a  h e lic a s e  s u b s t r a t e  la c k in g  a 3 ' ta i l  ( F ig u r e  46a). N e ith e r  
h e lic a s e  s u b s t r a t e  c o n ta in e d  th e  r e c o g n i t io n  s e q u e n c e  a  DNA b in d in g  
s i t e  f o r  t h e  UL9 p r o te in .  T h e s e  r e s u l t s  t h e r e f o r e  show  t h a t  th e  o r ig in -  
b in d in g  p r o te in  e x h ib i ts  a  n o n - s e q u e n c e  s p e c if ic  DNA h e lic a s e  a c t iv i ty ,  
w h ic h  is  n o t ,  h o w e v e r , e s s e n t ia l  f o r  i t s  s e q u e n c e - s p e c i f ic  b in d in g  to  
t h e  v i r a l  o r ig in s  o f r e p l ic a t io n .
6. DNA P r im a s e
T h e  UL5, UL8 a n d  UL52 p r o te in  com plex  h a s  a lso  b e e n  r e p o r t e d  to  
e x h ib i t  DNA p r im a s e  a c t iv i ty  (C ru te  e t  a l. 1989, D odson  e t  a l. 1989). 
E x t r a c ts  w e re  p r e p a r e d  fro m  S .f .  c e lls  in f e c te d  w ith  w t  AcNPV, w ith  
t h e  t h r e e  r e c o m b in a n ts  AcUL5, AcUL8 a n d  AcUL52 o r  w ith  AcUL5 p lu s  
A clIL52. F r a c t io n s  fro m  a  p h o s p h o c e l lu lo s e  co lum n w e re  c o lle c te d  a n d  
a s s a y e d  f o r  A T P ase  a n d  h e lic a s e  a c t iv i t ie s  a s  b e fo r e ,  a n d  a d d i t io n a l ly  
f o r  DNA p r im a s e  a c t iv i ty .  DNA p r im a se  a c t iv i ty  w as a s s a y e d  in d i r e c t ly  
u s in g  th e  p ro to c o l  p r e v io u s ly  e m p lo y e d  b y  C ru te  e t  al. (1989) 
(M a te r ia ls  a n d  M e th o d s , S e c tio n  2B .36). T h is  in v o lv e s  m e a s u r in g  
in c o r p o r a t io n  o f f32p]dA^P in to  p o ly (d A ) u s in g  a  te m p la te  o f
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F ig u re  4 6 . The UL9 P r o t e i n  I s  A DMA H e l ic a s e
Affinity purified intact DL9 protein and the C-terminal one-third 
fragment (UL9CT) were assayed for DNA helicase activity using two 
different partial duplex substrates. The positions of hybrid 
substrates (S) and displaced oligonucleotides (D) are indicated. 
Tracks marked (D) contain heat denatured substrate. In Panel a  the 
annealed fragment (17 mer) was complementary throughout its length to 
the single-stranded Ml3 DNA. In panel b the annealed fragment (45 
mer) had an unannealed 3'tail of 22 bases (Section 30.1(a)).
F ig u re  4 7 . UL9 P r o t e i n  H e l ic a s e  A c t i v i t y  i s  D ependen t upon ATP and
m i
DNA helicase activity of affinity purified intact UL9 protein was 
assayed, using the tailed substrate described in the text, in the 
presence and absence of ATP (3mM) and Hg2+ (3.5mM) as indicated.
p o ly (d T ) in  th e  p r e s e n c e  of th e  la r g e  f r a g m e n t  E .co li  DNA p o ly m e ra se
I. T h is  in c o r p o r a t io n  is  d e p e n d e n t  u p o n  th e  s y n th e s i s  o f o ligo  (rA ) 
p r im e rs  b y  p r im a se  a c t iv i ty  u t i l iz in g  ATP in  th e  r e a c t io n .  P r o d u c ts  of 
th e  p r im a se  a s s a y s  w e re  d e - p r o te in i s e d ,  p h e n o l a n d  c h lo ro fo rm  
e x t r a c te d  a n d  e th a n o l  p r e c ip i t a te d  p r io r  to  e le c t r o p h o r e s i s  th r o u g h  a
0.35mm th ic k  d e n a tu r in g  6% a c ry la m id e  g e l  in  th e  p r e s e n c e  of u r e a .
F ig u r e  48 sh o w s th e  r e a c t io n  p r o d u c t s .  All in f e c t io n s  e x h ib i te d  a 
m a jo r  h e a v y  s m e a r  o f [32P ] - la b e l le d  p o ly (d A ) in  f r a c t io n s  10 -  12. T h is  
is  s u g g e s t iv e  o f a  p r im a se  o r  RNA p o ly m e ra s e  a c t iv i ty ,  p r e s u m a b ly  ce ll 
o r  AcNPV e n c o d e d  a n d  is  in  a g re e m e n t  w ith  o th e r  r e p o r t s  (D odson  e t  
al., 1989; D odson  a n d  L eh m an , 1991).
A s m e a r  o f [32P ] - la b e l le d  m a te r ia l  w as a lso  o b s e r v e d  in  f r a c t io n s  
3 -8  in  c e lls  e i t h e r  t r i p ly  in f e c te d  w ith  a ll t h r e e  r e c o m b in a n ts  o r  co ­
in f e c te d  w ith  AcUL5 a n d  AcUL52 ( p a n e ls  b  a n d  c r e s p e c t iv e ly )  w h ic h  
w as n o t  p r e s e n t  in  t h e  c o n tro l  w t  AcNPV in fe c t io n  (p a n e l  a ) . T h is  
in d ic a te s  t h e  p r o b a b le  in d u c t io n  o f a  n o v e l DNA p r im a se  a c t iv i ty  
s p e c if ic  to  th e  o v e r - e x p r e s s e d  HSV-1 p r o te in s .
E lu tio n  o f t h e s e  n o v e l a c t iv i t ie s  w as c o in c id e n t  w ith  p e a k s  in  
A T Pase a n d  h e lic a s e  a c t iv i ty  a n d  w ith  t h e  e lu t io n  o f t h e  UL5, UL8 a n d  
UL52 p r o te in s  in  t h e  t r i p le  in fe c tio n  a n d  th e  UL5 a n d  UL52 p r o te in s
in  th e  d o u b le  in fe c t io n , (s im ila r  to  F ig u r e s  39, 40 a n d  42). T he  UL8
t f o r
p r o te in  is  c le a r ly  d is p e n s a b le ^  t h i s  p u ta t iv e  p r im a s e  a c t iv i t y  a s  w ell a s  
A T P ase  a n d  h e lic a s e  a c t iv i t ie s .
A lth o u g h  th e  a s s a y  r e q u i r e s  f u r t h e r  r e f in e m e n t  a n d  a d d it io n a l  
e x p e r im e n ts  to  e x c lu d e  th e  p o s s ib i l i ty  o f th e  a c t iv i ty  b e in g  d u e  to  a n  
RNA p o ly m e ra s e , t h e s e  p r e l im in a ry  r e s u l t s  a r e  in  a g re e m e n t  w ith  th o s e  
o f D odson  e t  al. (1989), w ho d e m o n s t r a te d  e x h ib i tio n  o f DNA p r im a se  
a c t iv i t y  b y  th e  U L 5/U L 8/U L 52  p r o te in  com plex  a s s e m b le d  in  in s e c t  
c e lls  u s in g  r e c o m b in a n t  b a c u lo v i r u s e s .  M o re o v e r, in  s u p p o r t  o f th e  
a b o v e  c o n c lu s io n s  a  s u b a s s e m b ly  o f UL5 a n d  UL52 p r o te in s  p u r i f ie d  
fro m  i n s e c t  c e lls  h a s  b e e n  c o n c lu s iv e ly  sh o w n  to  p o s s e s s  DNA p r im a se  
a c t iv i t y  a s  w ell a s  D N A -d e p e n d e n t A T P ase , D N A -d e p e n d e n t G T Pase a n d  
DNA h e lic a s e  a c t iv i t i e s  (D odson  a n d  L eh m an , 1991). T h u s  t h e  UL8 
p r o te in  is  d i s p e n s a b le  f o r  a ll t h e  e n z y m a tic  a c t iv i t ie s  c h a r a c te r i s t i c  o f 
t h e  HSV-1 h e l ic a s e - p r im a s e  com plex .
7. DNA B in d in g  P r o p e r t i e s  o f  t h e  HSV-1 H e lic a s e -P r im a s e  C om plex
DNA h e lic a s e s  h a v e  b e e n  sh o w n  to  b in d  n o n - s e q u e n c e - s p e c i f ic a l ly
to  s in g le  s t r a n d e d  DNA ( re v ie w e d  b y  M atson  a n d  K a is e r -R o g e rs ,  1990).
D N A -b in d in g  p r o p e r t i e s  o f th e  HSV-1 h e l ic a s e - p r im a s e  com plex  w e re
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F ig u r e  4 8 . A N ovel DNA P rim a se  In d u ced  i n  S . f .  C e l l s  M u lt ip ly  
I n f e c te d  w i th  R ecom binant B a c u lo v iru s e s
Phosphocellulose column fractions (numbered) of total cell extract 
prepared from S . f .  cells infected with wt AcNPV ( a ) ,  AcUL5 plus AcUL8 
plus AcUL52 (b )  or AcUL5 plus AcUL52 (c) were assayed for DNA primase 
activity as described in Materials and Methods. Control lanes (X) 
contain reactions lacking any phosphocellulose column fraction.
in v e s t ig a te d  b y  tw o  a p p ro a c h e s .  In  th e  f i r s t ,  s in g l e - s t r a n d e d  DNA 
c e llu lo s e  co lu m n s w e re  u s e d .  An a liq u o t  o f a  p h o s p h o c e l lu lo s e  co lum n 
f r a c t io n  c o n ta in in g  th e  UL5, UL8 a n d  UL52 p r o te in s  fro m  a t r ip le  
in fe c t io n  o f BHK c e lls  w ith  tsK /U L 5 , tsK /U L 8 a n d  tsK /U L 52 w as lo a d e d  
o n to  a 0.3ml b e d  vo lum e s in g l e - s t r a n d e d  DNA c e llu lo s e  co lum n w h ich  
h a d  b e e n  p r e - r u n  w ith  a  BSA s o lu t io n  in  a n  a t te m p t  to  r e d u c e  n o n ­
s p e c if ic  b in d in g  of p r o te in s .  A f te r  lo a d in g  th e  sa m p le , f lo w - th r o u g h  
w as c o lle c te d , r e - lo a d e d  tw ice  a n d  b o u n d  p r o te in s  e lu te d  w ith  a 
g r a d i e n t  o f i n c r e a s in g  NaCl c o n c e n t r a t io n  in  DC b u f f e r .  T h e  co lum n 
f r a c t io n s  w e re  r u n  on  SDS-PAGE, t r a n s f e r r e d  to  n i t r o c e l lu lo s e  a n d  th e  
UL5, UL8 a n d  UL52 p r o te in s  d e te c te d  b y  im m u n o b lo ttin g , a s  d e s c r ib e d  
in  M a te r ia ls  a n d  M e th o d s , S e c tio n s  2B.25 a n d  2B.27. T h e  r e s u l t s  a r e  
sh o w n  in  F ig u r e  49. A la r g e  p r o p o r t io n  o f th e  UL5, UL8 a n d  UL52 
p r o te in s  p a s s e d  d i r e c t l y  t h r o u g h  th e  co lum n in  th e  f lo w - th r o u g h  a n d  
w a sh  f r a c t io n s .  Sm all a m o u n ts  of th e  t h r e e  p r o te in s  a lso  a p p e a r e d  to  
b e  p r e s e n t  in  th e  h ig h e s t  s a l t  f r a c t io n s  s u g g e s t in g  t h a t  a  sm all 
p r o p o r t io n  o f th e  UL5, UL8 a n d  UL52 p r o te in  com plex  m ay b e  a b le  to  
b in d  th e  s in g l e - s t r a n d e d  DNA m atrix .
In  a  s e c o n d  a p p ro a c h ,  a  g e l r e t a r d a t io n  a s s a y  (a s  d e s c r ib e d  b y
S c h n e id e r  e t  a l ., 1986) w as u s e d  in  a n  a t te m p t  to  d e te c t  s in g le
s t r a n d e d  DNA b in d in g .  A 45m er s in g le  s t r a n d e d  o l ig o n u c le o t id e  w as 
3 ' e n d  la b e l le d  w ith  [32P] u s in g  te rm in a l  t r a n s f e r a s e  a n d  in c u b a te d  
w ith  a l iq u o ts  o f e q u iv a le n t  p h o s p h o c e l lu lo s e  co lum n f r a c t io n s  ( f r a c t io n  
4 in  e a c h  c a s e , w h ic h  c o n ta in e d  th e  p e a k  o f h e lic a s e  a c t iv i ty  in d u c e d  
in  in f e c t io n s  w ith  AcUL5 p lu s  AcUL52 a n d  AcUL5 p lu s  AcUL8 p lu s
AcU L52) o f e x t r a c t s  fro m  S .f .  c e lls  in f e c te d  w ith  AcNPV o r  t h e  t h r e e  
r e c o m b in a n ts  AcUL5, AcUL8 a n d  AcUL52 e i t h e r  a lo n e  o r  in  a ll p o s s ib le  
c o m b in a tio n s . R e a c tio n s  w e re  a n a ly s e d  b y  e le c t r o p h o r e s i s  t h r o u g h  a 
n a t iv e  p o ly a c ry la m id e  g e l  to  r e s o lv e  a n y  p ro te in -D N A  co m p lex es . 
F o rm a tio n  o f a  r e t a r d e d  p ro te in -D N A  com plex  w as d e te c te d  on  som e 
o c c a s io n s . H o w ev er, th e  e f f e c t  w as n o t  r e p r o d u c ib le  a n d  th e  
e le c t r o p h o r e t i c  m o b ility  o f th e  com plex  d id  n o t  v a r y  b e tw e e n  th e  
d o u b le  a n d  t r i p l e  r e c o m b in a n t  v i r u s  in f e c t io n s  ( d a ta  n o t  s h o w n ) . T h e se  
o b s e r v a t io n s  s u g g e s t  t h a t  th e  fo rm a tio n  o f t h i s  p ro te in -D N A  com plex  
w as n o t  d u e  to  s p e c if ic  b in d in g  o f th e  U L 5/U L 52 o r  U L 5/U L 8/U L 52  
p r o te in  c o m p lex es .
N e ith e r  a p p r o a c h ,  th e r e f o r e ,  p ro v id e d  c le a r  e v id e n c e  o f t h e  a b i l i ty  
o f t h e  UL5, UL8 a n d  UL52 p r o te in s  ( in d iv id u a l ly  o r  in  c o m b in a tio n )  to  
b in d  to  s in g l e - s t r a n d e d  DNA.
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Figure 49. DNA-binding Properties of the UL5, UL8 and UL52 Proteins 
Single-Stranded DNA Cellulose Columns
Total cell extract prepared from BHK cells mixedly infected with 
tsK/UL5, tsK/UL8 and tsK/UL52 was fractionated on a single-stranded 
DNA cellulose column as described in Materials and Methods. Column 
eluates were run on a mini-SDS-polyacrylamide gel, electro-transferred 
to a nitrocellulose membrane and probed with a mixture of anti-UL5, 
anti-UL8 and anti-UL52 antisera. Polypeptides eluted in sample flow 
through (FT) and at increasing salt concentrations are indicated. 
Marker lanes to the left, contain total cell extract from BHK cells 
infected with tsK or the three tsK recombinants. Although other 
proteins were recognised, the UL5, UL8 and UL52 polypeptides are 
easily identifiable and are indicated.
3G. INTRACELLULAR LOCALISATION OF THE UL5, UL8, UL9
AND UL52 PROTEINS
1. Cell F r a c t io n a t io n  S tu d ie s
As d e s c r ib e d  in  S e c tio n  3B .4(a), a n  in it ia l  i n v e s t ig a t io n  in to  th e  
i n t r a c e l lu l a r  lo c a lis a tio n  o f th e  UL5, UL8, UL9 a n d  UL52 p r o te in s  w as 
p e r fo rm e d  b y  f r a c t io n a t io n  o f [3 5 S ]-lab e lled  BHK c e lls  in f e c te d  a t  th e  
NPT w ith  tsK  r e c o m b in a n t  v i r u s e s  in to  c y to p la sm  a n d  n u c le i .  I n  s in g ly  
i n f e c te d  c e lls  th e  UL5, UL8 a n d  UL52 p r o te in s  w e re  p r e s e n t  in  b o th  
t h e  c y to p la sm ic  a n d  n u c le a r  f r a c t io n s  w h e re a s  th e  UL9 p r o te in  w as 
d e te c te d  p re d o m in a n t ly  in  th e  n u c le i .
T h e s e  s tu d ie s  w e re  e x te n d e d  to  in c lu d e  in d i r e c t  
im m u n o flu o re s c e n c e  a s  a  m eth o d  of d e te r m in in g  th e  in t r a c e l lu l a r  
lo c a liz a tio n  o f th e  r e p l ic a t io n  p r o te in s  e x p r e s s e d  b y  th e  tsK  
r e c o m b in a n t  v i r u s e s .
2. I n d i r e c t  Im m u n o flu o re s c e n c e
I n  in i t ia l  e x p e r im e n ts  m o n o la y e rs  o f BHK c e lls  in  s l id e  c h a m b e rs  
w e re  in f e c te d  a t  th e  NPT w ith  20 p f u /c e l l  o f e i t h e r  w t  H SV -1, tsK , o r  
o n e  o f th e  f o u r  r e c o m b in a n t  v i r u s e s  £sK/UL5, tsK /U L 8 , tsK /U L 9  o r  
tsK /U L 52. At 10 h p i  th e  c e lls  w e re  f ix e d  w ith  f o rm a ld e h y d e  a n d  
r e a c te d  w ith  r a b b i t  a n t i - p e p t id e  a n t i s e r a  ( p r o v id e d  b y  
D r M D C h a llb e rg )  to  th e  UL5, UL8, UL9 a n d  UL52 p r o te in s .  P r im a ry  
a n t ib o d ie s  w e re  d e te c te d  u s in g  F IT C -c o n ju g a te d  sw in e  a n t i - r a b b i t  IgG . 
T h e s e  e x p e r im e n ts  r e v e a le d  t h a t  tw o  of th e  a n t i - p e p t id e  a n t i s e r a  u s e d ,  
ie . a n ti-U L 9  a n d  a n ti-U L 5 2 , g a v e  g o o d  f lu o r e s c e n t  s ta in in g  o f th e  
c o g n a te  p r o te in s  w h e re a s  a n ti-U L 5  a n d  a n ti-U L 8  a n t i - s e r a  d id  n o t. T he  
UL9 p r o te in  e x p r e s s e d  b y  tsK /U L 9 lo c a liz e d  in  t h e  n u c le u s  o f in f e c te d  
c e lls ,  e x h ib i t in g  a  d i f f u s e  p a t t e r n  w ith  som e d i s c r e te  fo c i ( F ig u r e  50, 
p a n e l  a ) . As sh o w n  in  p a n e l  b , th e  UL52 p r o te in  e x p r e s s e d  b y  
tsK /U L 52 e x h ib i te d  a  c y to p la sm ic  p e r in u c le a r  s ta in in g  p a t t e r n .  In  
c o m p a r is o n , c e lls  in f e c te d  w ith  tsK  e x h ib i te d  o n ly  b a c k g r o u n d  
f lu o r e s c e n c e  w ith  e i t h e r  a n ti-U L 9  o r  a n ti-U L 5 2  a n t i s e r u m  ( p a n e ls  c 
a n d  d  r e s p e c t iv e ly ) .
I n  w t  HSV-1 in fe c t io n  n e i th e r  th e  UL9 o r  UL52 p r o te in  a p p e a r e d  
to  b e  e x p r e s s e d  in  g r e a t  e n o u g h  q u a n t i t i e s  f o r  s p e c if ic  f lu o r e s c e n c e  to  
b e  r e a d i ly  d e te c te d  (p a n e ls  e  a n d  f ) .
103
F ig u re  50 . I n t r a c e l l u l a r  L o c a l i z a t i o n  o f  t h e  UL9 an d  UL52 P r o t e i n s
BHK c e l l  m o n o lay e rs  i n f e c t e d  a t  t h e  NPT w ith  wt HSV-1 (e  and  f ) ,  
tsK (c  and d ) ,  tsK/UL9 (a )  o r  tsK/UL52 (b ) w ere f ix e d  and  
p e rm e a b i l iz e d  a s  d e s c r ib e d  in  M a te r ia ls  and  M ethods and  in c u b a te d  w ith  
e i t h e r  a n ti-U L 9  (a ,  c and  e )  o r  an ti-U L 5 2  (b , d  and  f )  a n t i s e ru m .
C e l l s  w ere p h o to g ra p h e d  u n d e r  x40 m a g n i f ic a t io n .

(a )  I n t r a c e l lu l a r  L o c a lis a tio n  o f t h e  HSV-1 H e lic a s e -P r im a s e  Com plex
T h e  in t r a c e l lu la r  lo c a l is a tio n  o f th e  UL5, UL8 a n d  UL52 p r o te in s  
w h e n  e x p r e s s e d  a lo n e  m ay d i f f e r  fro m  t h e i r  lo c a l is a tio n  w h e n  co ­
e x p r e s s e d ,  w h e n  th e y  i n t e r a c t  to  fo rm  th e  h e l ic a s e - p r im a s e  com plex. 
T h is  p o s s ib i l i ty  is  f u r t h e r  s u g g e s t e d  b y  th e  o b s e r v a t io n  t h a t  th e  UL52 
p r o te in  is  p re d o m in a n t ly  c y to p la sm ic , w h e re a s  i t s  e x p e c te d  s i te  of 
a c t iv i ty  is  w ith in  th e  ce ll n u c le u s  ( F ig u r e  50, p a n e l b ) . L o c a lis a tio n  o f 
t h e  UL52 p r o te in  w as s tu d ie d  in  s in g le  a n d  m ixed in fe c t io n s  o f BHK 
c e lls  w ith  th e  tsK r e c o m b in a n t  v i r u s e s .  M o n o la y e rs  o f BHK c e lls  in  
s l id e  c h a m b e rs  w e re  in f e c te d  a t  th e  NPT w ith  tsK  o r  th e  t h r e e  
r e c o m b in a n ts  t5K /U L5, tsK /U L 8 a n d  tsK /U L 52 e i t h e r  in d iv id u a l ly  o r  in  
co m b in a tio n . At lO h p i in f e c te d  c e lls  w e re  f ix e d  a n d  r e a c te d  w ith  a n t i -  
UL52 a n t is e ru m . S ta in in g  p a t t e r n s  o b s e r v e d  a r e  sh o w n  in  F ig u r e  51. 
I n  c o n tro l  in fe c t io n s  w h e re  th e  UL52 p r o te in  w as n o t  e x p r e s s e d ,  o n ly  
b a c k g r o u n d  f lu o r e s c e n c e  w as o b s e r v e d  (p a n e ls  a , b  a n d  c ). C ells 
e x p r e s s in g  th e  UL52 p r o te in  a lo n e  e x h ib i te d  a  c y to p la s m ic  p e r in u c le a r  
s ta in in g  p a t t e r n  (p a n e l  d ) . H o w ev er, in  c e lls  in f e c te d  w ith  a ll t h r e e  
r e c o m b in a n ts ,  th e  UL52 p r o te in  b ecam e  lo c a lis e d  in  th e  n u c le u s  
e x h ib i t in g  s t r o n g  d i f f u s e  n u c le a r  s ta in in g  w ith  d i s c r e te ,  d e n s e ly  
s ta in e d  fo c i a lso  p r e s e n t  (n u c le o li  a p p e a r e d  u n s ta in e d )  (p a n e l  g ) . C ells  
w h ic h  c o - e x p r e s s e d  th e  UL52 p r o te in  w ith  e i t h e r  th e  UL5 p r o te in  o r  
t h e  UL8 p r o te in ,  e x h ib i te d  c y to p la sm ic  p e r in u c le a r  s ta in in g  (p a n e ls  e  
a n d  f ) ,  s im ila r  to  UL52 p r o te in  e x p r e s s e d  a lo n e . P r e v io u s  e x p e r im e n ts  
(C a ld e r  a n d  S tow , 1990; D odson  a n d  L eh m an , 1991; T h is  t h e s i s )  
d e m o n s t r a te d  t h a t  c o - e x p r e s s e d  UL5 a n d  UL52 p r o te in s  fo rm  a 
com plex , t h e  im m u n o flu o re s c e n c e  e x p e r im e n ts ,  h o w e v e r , s u g g e s t  t h a t  
t h i s  com plex  m ay b e  u n a b le  to  e n t e r  th e  ce ll n u c le u s .  W hen th e  UL8 
p r o te in  w as a lso  e x p r e s s e d  w ith  th e  UL5 a n d  UL52 p r o te in s ,  th e  
lo c a l is a tio n  o f th e  UL52 p r o te in  c le a r ly  b ecam e n u c le a r  (p a n e l  g ) . A 
p o s s ib le  ro le  f o r  t h e  UL8 p r o te in  in  f a c i l i ta t in g  e n t r y  o f t h e  UL5 a n d  
UL52 s u b u n i t s  w h ic h  s p e c i f y  h e l ic a s e - p r im a s e  a c t iv i t i e s  in to  th e  ce ll 
n u c le u s  m ay th e r e f o r e  b e  p ro p o s e d . H o w ev er, s in c e  UL52 p r o te in  co ­
e x p r e s s e d  w ith  UL8 p r o te in  a lso  e x h ib i te d  a c y to p la s m ic  p e r in u c le a r  
s ta in in g  p a t t e r n  (p a n e l  f)  i t  w o u ld  seem  t h a t  th e  UL8 p r o te in  is  n o t  
a b le  to  f a c i l i ta te  t r a n s p o r t  o f u n c o m p le x e d  UL52 p r o te in  in to  th e  
n u c le u s .  DNA s e q u e n c e  a n a ly s is  o f th e  UL5, UL8 a n d  UL52 ORFs h a s  
n o t  r e v e a le d  th e  p r e s e n c e  o f s e q u e n c e s  o b v io u s ly  r e s e m b lin g  th o s e  
in v o lv e d  in  t h e  n u c le a r  lo c a l is a tio n  o f p r o te in s  (M cG eoch e t  al., 1988a).
S im ila r i n d i r e c t  im m u n o flu o re s c e n c e  e x p e r im e n ts  w e re  a t te m p te d
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F ig u re  51 . I n t r a c e l l u l a r  L o c a l i z a t i o n  o f  t h e  PL52 P r o t e i n  i n  BHK c e l l s  
I n f e c te d  w ith  tsK  R ecom binan t V ir u s e s  ( I )
BHK c e l l  m o n o lay e rs  w ere i n f e c t e d  a t  t h e  NPT w ith  tsK (A ), tsK/UL5 
(B ), tsK/UL8 (C) and  t s K/UL52 (D ), t s K/UL5 p lu s  tsK/UL52 (E ), tsK/UL8
p lu s  tsK/UL52 (F) o r  tsK/UL5 p lu s  tsK/UL8 p lu s  tsK/UL52 (G ), f ix e d ,  
p e rm e a b i l iz e d  and  in c u b a te d  w ith  a n ti-U L 5 2  a n t i s e ru m  a s  d e s c r ib e d  in  
M a te r ia ls  and  M ethods, S e c t io n  2 B .38 .

u s in g  a n ti-U L 5  a n d  a n ti-U L 8  a n t i s e r a .  H o w ev er, s e v e r a l  a t t e m p ts  fa i le d  
to  y ie ld  c o n v in c in g  d a ta  on  th e  i n t r a c e l lu la r  lo c a l is a tio n  o f th e  UL5 
a n d  UL8 p r o te in  s u b u n i t s  of th e  HSV-1 h e l ic a s e - p r im a s e  com plex  in  
s in g le  o r  m ixed in fe c t io n s .
A lth o u g h  th i s  w o rk  on th e  in t r a c e l lu l a r  lo c a l is a tio n  o f th e  HSV-1 
h e l ic a s e - p r im a s e  com plex  a n d  i t s  s u b u n i t s  t h e r e f o r e  re m a in s  
in c o m p le te , r e c e n t  e x p e r im e n ts  (N D S tow  a n d  E C S tow , p e r . comm.) 
h a v e  c o n firm e d  a n d  e x te n d e d  th e s e  f in d in g s .  I n  p a r t i c u l a r  t h e y  h a v e  
sh o w n  t h a t  f o r  e a c h  o f th e  t h r e e  c o n s t i tu e n t  s u b u n i t s  e f f ic ie n t  n u c le a r  
e n t r y  is  o n ly  d e te c te d  w h e n  c o - e x p r e s s e d  w ith  th e  o th e r  tw o  s u b u n i t s .  
T h e s e  r e s u l t s  s u g g e s t  t h a t  th e  UL8 p r o te in  m ay h a v e  a r o le  in  
a s s i s t i n g  t r a n s p o r t a t i o n  o f t h e  e n z y m a tic a lly  a c t iv e  s u b u n i t s  o f th e  
com plex  (i.e . UL5 a n d  UL52 p r o te in s )  fro m  c y to p la sm  to  n u c le u s  b u t  do  
n o t  e x c lu d e  th e  p o s s ib i l i ty  t h a t  i t  m ay a lso  b e  r e q u i r e d  f o r  som e o th e r  
f u n c t io n  s u c h  a s  s ta b i l i ty ,  a n  a d d it io n a l ,  a s  y e t  u n id e n t i f i e d  e n z y m a tic  
a c t iv i ty ,  o r  in te r a c t io n  w ith  h o s t  c o m p o n e n ts  w ith in  th e  n u c le u s .
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CHAPTER 4:DISCUSSI0N
1. Id e n tif ic a t io n  o f th e  UL5, UL8, UL9 an d  UL52 p o ly p e p t id e s
A t th e  o u t s e t  o f th e  w o rk  p r e s e n te d  in  th i s  t h e s i s  th e  HSV-1 
ORFs, UL5, UL8, UL9 a n d  UL52, h a d  b e e n  id e n t i f ie d  a s  e n c o d in g  
p r o d u c t s  e s s e n t ia l  f o r  th e  r e p l ic a t io n  of v i r a l  DNA. H o w ev er, d u e  to  
t h e i r  low a b u n d a n c e  in  HSV-1 in fe c te d  c e lls  th e  id e n t i f ic a t io n  o f th e s e  
p o ly p e p t id e s  h a d  n o t  b e e n  a c h ie v e d . By e x p r e s s in g  th e  UL5, UL8, UL9 
a n d  UL52 ORFs in d iv id u a l ly  u s in g  r e c o m b in a n t  tsK  v i r u s e s  f o u r  
u n iq u e ,  n o v e l p o ly p e p t id e s  w e re  id e n t i f ie d ,  e a c h  w ith  a n  a p p a r e n t  
m o le c u la r  w e ig h t  c o r r e s p o n d in g  c lo s e ly  to  t h a t  p r e d ic te d .  T he  id e n t i t y  
o f t h e  UL5, UL8, UL9 a n d  UL52 p r o te in s  w as c o n firm e d  b y  
im m u n o p re c ip ita t io n  a n d  im m u n o b lo ttin g  w ith  a n t i s e r a  r a i s e d  a g a in s t  
p e p t id e s  c o r r e s p o n d in g  to  t h e i r  p r e d ic te d  C - te rm in a l  am ino  a c id  
s e q u e n c e s .  P h o s p h a te  la b e l l in g  e x p e r im e n ts  sh o w e d  t h a t  t h e  UL5, UL8, 
UL9 a n d  UL52 p r o te in s ,  e x p r e s s e d  u n d e r  IE  c o n tro l  a t  t h e  NPT, w e re  
n o t  s ig n i f ic a n t ly  p h o s p h o r y la te d .  T h e  e le c t r o p h o r e t ic  m o b ility  o f th e  
UL5, UL8, UL9 a n d  UL52 p r o te in s  in  SDS-PAGE w as c o n s ta n t  w h e th e r  
e x p r e s s e d  u s in g  tsK  o r  b a c u lo v i ru s  a s  a  v e c to r .  T h is  s u g g e s t s  t h a t  
a n y  o th e r  fo rm  of p o s t - t r a n s la t io n a l  p r o c e s s in g  o f t h e  o v e r - e x p r e s s e d  
p r o te in s  w h ic h  m ay o c c u r  is  s im ila r  in  m am m alian a n d  i n s e c t  c e lls .
T h e  r e s u l t s  o f e x p e r im e n ts  d e s c r ib e d  in  t h i s  t h e s i s  sh o w  t h a t  
t h r e e  o f t h e  HSV-1 r e p l ic a t io n  p r o te in s  (U L5, UL8 a n d  U L52), w h e n  co ­
e x p r e s s e d ,  fo rm  a  com plex  w h ic h  e x h ib i ts  tw o  a c t iv i t ie s  a s s o c ia te d  w ith  
D N A -s tra n d  u n w in d in g  a n d  in  a d d i t io n  p o s s e s s e s  a  DNA p r im a se  
a c t iv i ty .  A lth o u g h  th e  UL8 p r o te in  is  n o t  e s s e n t ia l  f o r  t h e s e  e n z y m e  
a c t iv i t i e s  i t  a p p e a r s  to  b e  r e q u i r e d  f o r  e f f ic ie n t  n u c le a r  u p t a k e  o f th e  
e n z y m a tic a lly  a c t iv e  s u b u n i t s  (UL5 a n d  UL52).
2. Id e n tif ic a t io n  o f  th e  HSV-1 H elica se -P rim a se  Complex
(a ) D N A -D ependent ATPase
M u ltip le  in fe c t io n  o f BHK c e lls  w ith  th e  f o u r  r e c o m b in a n t  v i r u s e s ,  
tsK /U L 5 , tsK /U L 8 , tsK /U L 9 a n d  tsK /U L 52 , a t  th e  n o n - p e r m is s iv e  
t e m p e r a tu r e  a llo w ed  th e  id e n t i f ic a t io n  o f a  n o v e l v i r a l - i n d u c e d  DNA- 
d e p e n d e n t  A T P ase  a c t iv i ty  in  f r a c t io n a te d  c e ll e x t r a c t s .  T h is  a c t iv i ty  
w as  n o t  in d u c e d  in  BHK c e lls  in f e c te d  w ith  t h e  p a r e n t a l  v i r u s ,  tsK. 
T h is  r e s u l t  (S e c t io n  3C.1) s u g g e s t e d  t h a t  t h e  n o v e l a c t i v i t y  w as 
e n c o d e d  b y  o n e  o r  m ore  o f th e  HSV-1 DNA r e p l ic a t io n  g e n e s  UL5, UL8, 
UL9 a n d  UL52. SDS-PAGE a n a ly s is  o f p h o s p h o c e l lu lo s e  co lum n f r a c t io n s
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r e v e a le d  t h a t  th e  UL5, UL8 a n d  UL52 p r o te in s  c o -e lu te d  w ith  th e
u n iq u e  A T Pase. One o r  m ore  o f t h e s e  t h r e e  p o ly p e p t id e s ,  t h e r e f o r e ,  
a p p e a r s  l ik e ly  to  s p e c ify  th e  in d u c e d  a c t iv i ty .
F o llo w in g  th e  id e n t if ic a t io n  o f th i s  HSV-1 in d u c e d  A T Pase a  s e r i e s  
of s in g le  a n d  m ixed in fe c t io n s  w e re  p e r fo rm e d  to  d e te rm in e  th e  v i r a l  
p r o te in ( s )  r e s p o n s ib le .  T h e se  e x p e r im e n ts  (R e s u lts ,  S e c tio n s  3D.1 a n d  
3F .1) u s e d  in fe c t io n  o f BHK c e lls  w ith  tsK  r e c o m b in a n t  v i r u s e s  
e x p r e s s in g  th e  r e p l ic a t io n  p r o te in s ,  a n d  in fe c t io n  o f S .f .  i n s e c t  c e lls  
w ith  r e c o m b in a n t  b a c u lo v i r u s e s .
I n d u c t io n  o f a  u n iq u e  p e a k  o f A T Pase a c t iv i ty  w as d e m o n s t r a te d  in  
BHK c e lls  t r i p ly  in f e c te d  a t  th e  NPT w ith  tsK /U L 5 , tsK /U L 8 a n d  
tsK /U L 52 , a n d  in  S .f .  c e lls  t r i p ly  in f e c te d  w ith  AcUL5, AcUL8 a n d
AcUL52. T h is  a c t iv i ty  w as n o t  d e te c te d  in  BHK c e lls  in f e c te d  w ith  tsK 
o r  in  S .f .  c e lls  in f e c te d  w ith  w i ld - ty p e  AcNPV. F r a c t io n s  w h ic h  
e x h ib i te d  A T Pase a c t iv i ty  a lso  c o n ta in e d  th e  t h r e e  o v e r - e x p r e s s e d  
HSV-1 p r o te in s .  B e c a u se  th e  UL5, UL8 a n d  UL52 p o ly p e p t id e s  d id  n o t  
e lu te  a t  t h i s  s a l t  c o n c e n t r a t io n  w h e n  e x p r e s s e d  in d iv id u a l ly  th e s e  
o b s e r v a t io n s  s u g g e s t  t h e y  fo rm  a p r o te in  com plex .
T he  D N A -d e p en d e n t A T Pase a c t iv i ty  w as a lso  in d u c e d  in  S .f .  c e lls  
d o u b ly  in fe c te d  w ith  AcUL5 a n d  AcUL52. T h e  le v e l  o f a c t i v i t y  in d u c e d  
w as s im ila r  to  t h a t  o b s e r v e d  in  t r i p l y  in f e c te d  c e lls  in d ic a t in g  t h a t  th e  
UL8 p r o te in  is  d i s p e n s a b le  f o r  t h i s  a c t iv i ty .  I n  s in g le  in f e c t io n s  w ith  
AcUL5 o r  AcUL52 no  A T Pase in d u c t io n  w as o b s e r v e d  s u g g e s t i n g  t h a t
b o th  p r o te in s  a r e  r e q u i r e d  f o r  a c t iv i ty .
A lth o u g h  a  n o v e l A T Pase w as s im ila r ly  in d u c e d  in  BHK c e lls  co ­
in f e c te d  a t  NPT w ith  tsK /U L 5 a n d  tsK /U L 52 th e  le v e l  o f a c t i v i t y  w as 
so m e w h a t r e d u c e d  fro m  t h a t  o b s e r v e d  in  BHK c e lls  in f e c te d  w ith  a ll 
t h r e e  r e c o m b in a n t  v i r u s e s .  T h is  s u g g e s t s  t h a t  a l th o u g h  t h e  v i r a l  
A T P ase  in d u c e d  in  BHK c e lls  d o e s  n o t  r e q u i r e  t h e  p r e s e n c e  o f t h e  UL8 
p r o te in ,  t h i s  p o ly p e p t id e  m ay p la y  som e r o le  in  e n s u r i n g  m axim um  
a c t iv i ty .  One p o s s ib i l i ty  is  t h a t  i t  c o u ld  b e  in v o lv e d  in  s ta b i l i s in g  th e  
e n z y m a tic a lly  a c t iv e  s u b u n i t s  a t  t h e  h ig h e r  t e m p e r a tu r e  o f 38.5°C.
(b )  DNA H elicase
DNA h e lic a s e s  e n z y m a tic a lly  u n w in d  d u p le x  DNA in  a r e a c t io n  
c o u p le d  to  t h e  h y d r o ly s i s  o f ATP (o r  a n o th e r  NTP o r  dN T P). DNA 
h e lic a s e s  a r e  t h u s  a lso  D N A -d e p e n d e n t A T P ases . In  S e c tio n  3F .2 , th e  
r e s u l t s  o f c o - in f e c t io n  e x p e r im e n ts  w ith  r e c o m b in a n t  b a c u lo v i r u s e s  
s h o w e d  in d u c t io n  o f a  n o v e l DNA h e lic a s e  in  in s e c t  c e lls  e i t h e r  t r i p l y
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in f e c te d  w ith  AcUL5, AcUL8 a n d  AcUL52 o r  c o - in f e c te d  w ith  AcUL5 a n d  
AcUL52. T h is  a c t iv i ty  w as a b s e n t  fro m  in fe c t io n s  w ith  w i ld - ty p e  AcNPV, 
in d iv id u a l  r e c o m b in a n ts  o r  d o u b le  in f e c t io n s  w ith  AcUL5 a n d  AcUL8 o r  
AcUL8 a n d  AcUL52. T he  n o v e l DNA h e lic a s e  e lu te d  in  co lum n  f r a c t io n s  
w h ic h  a lso  e x h ib i te d  D N A -d e p e n d e n t A T Pase a c t iv i ty  a n d  c o n ta in e d  th e  
o v e r - e x p r e s s e d  HSV-1 p r o te in s .  T he  DNA h e lic a s e  w as of s im ila r  
a c t iv i ty  w h en  is o la te d  from  c e lls  c o - e x p r e s s in g  th e  UL5 a n d  UL52 
p r o te in s  o r  e x p r e s s in g  a ll t h r e e  h e l ic a s e - p r im a s e  s u b u n i t s ,  in d ic a t in g  
t h a t  th e  UL8 p r o te in  is  a lso  d i s p e n s a b le  f o r  h e lic a s e  a c t iv i ty  in  t h i s  
s y s te m .
(c )  DNA P rim ase
C o -in fe c tio n  e x p e r im e n ts  w ith  AcUL5, AcUL8 a n d  AcUL52 
a d d it io n a l ly  d e m o n s t r a te d  th e  in d u c t io n  o f a  n o v e l DNA p r im a se  
a c t iv i ty  in  S .f. c e lls  c o - e x p r e s s in g  e i t h e r  a ll t h r e e  o v e r - e x p r e s s e d  
HSV-1 p r o te in s  o r  j u s t  th e  UL5 a n d  UL52 p r o te in s  (S e c t io n  3F .6 ). T he 
e lu t io n  p ro f i le  o f t h i s  a c t iv i ty  c o r r e s p o n d e d  to  t h a t  o f t h e  p r e v io u s ly  
id e n t i f ie d  D N A -d e p en d e n t A T Pase a n d  DNA h e lic a s e  a c t iv i t i e s  a n d  to  
t h a t  o f th e  c o - e x p r e s s e d  UL5, UL8 a n d  UL52 (o r  UL5 a n d  UL52) 
p o ly p e p t id e s .
C ru te  e t  al. (1989) p u r i f ie d  a n  in d u c e d  h e l ic a s e - p r im a s e  a c t iv i ty  
fro m  HSV-1 in f e c te d  c e lls  a n d  sh o w e d  t h a t  i t  c o m p r is e s  t h r e e  
p o ly p e p t id e  s u b u n i t s  e n c o d e d  b y  th e  v i r a l  g e n e s  UL5, UL8 a n d  UL52. 
T h e  r e s u l t s  p r e s e n t e d  in  t h i s  T h e s is  a r e  in  a g re e m e n t  w ith  t h i s  
o b s e r v a t io n ,  a n d  f u r th e r m o r e  show  t h a t  t h e  f u n c t io n a l  com plex  c a n  b e  
a s s e m b le d  in  v iv o  fo llo w in g  t r i p le  in fe c t io n  o f c e lls  w ith  e i t h e r  
a p p r o p r i a t e  tsK o r  AcNPV r e c o m b in a n t  v iu s e s .  P r o d u c t io n  o f a  
f u n c t io n a l  com plex  t h e r e f o r e  d o e s  n o t  r e q u i r e  a n y  o th e r  HSV-1 p r o te in .  
D odson  e t  al. (1989) h a v e  a lso  r e c e n t ly  r e p o r t e d  a s s e m b ly  o f a  
f u n c t io n a l  UL5, UL8 a n d  UL52 p r o te in  com plex  in  i n s e c t  c e lls  in f e c te d  
w ith  r e c o m b in a n t  b a c u lo v i r u s e s .  T he  r e s u l t s  p r e s e n t e d  in  t h i s  t h e s i s  
sh o w  t h a t  a  tw o  s u b u n i t  a s se m b ly , c o m p r is in g  th e  UL5 a n d  UL52 
p o ly p e p t id e s ,  a lso  p o s s e s s e s  th e  sam e e n z y m a tic  a c t iv i t ie s  a s  t h e  t h r e e  
s u b u n i t  com plex . T h e  UL8 p r o te in  s u b u n i t  is  t h e r e f o r e  n o t  r e q u i r e d  
f o r  a n y  e n z y m a tic  a c t iv i ty  so  f a r  a t t r i b u t e d  to  th e  HSV-1 h e l ic a s e -  
p r im a s e  com plex  (C a ld e r  a n d  S tow , 1990; D odson  a n d  L eh m an , 1991).
R e c e n t  e x p e r im e n ts  w ith  h ig h ly  p u r i f ie d  U L 5 /U L 8 /U L 52  o r  
U L 5/U L 52 p r o te in  co m p lex es  fro m  in s e c t  c e lls  d e te c te d  no  s ig n i f ic a n t  
d i f f e r e n c e s  b e tw e e n  t h e i r  in  v i t r o  e n z y m a tic  a c t iv i t ie s  (D odson  a n d
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L ehm an , 1991). I t  is  p o s s ib le , h o w e v e r , t h a t  in  v iv o  th e  p r e s e n c e  of 
th e  UL8 p r o te in  m ay b e  im p o r ta n t  f o r  h e lic a s e  a n d  p r im a se  a c t iv i t ie s  
w h ic h  a c t  u p o n  th e  HSV-1 g enom e r a t h e r  t h a n  u p o n  m odel s u b s t r a t e s .
P o ly p e p tid e  s u b u n i t s  e x p r e s s e d  in d iv id u a l ly  do  n o t  e x h ib i t  a n y  
e n z y m a tic  a c t iv i ty  in d ic a t in g  t h a t  th e  m inim um  r e q u i r e m e n t  f o r  A T Pase, 
h e lic a s e  a n d  p r im a se  a c t iv i t ie s  is  a  com plex  o f th e  UL5 a n d  UL52 
p r o te in s  (T h is  t h e s i s ;  D odson  a n d  L eh m an , 1991).
3. C o u n terp a rts  o f H elica se -P rim a se  S u b u n its  in  O ther H e r p e s v ir u se s
H om ologues o f th e  UL5 a n d  UL52 g e n e s  h a v e  b e e n  id e n t i f ie d  b y  
s e q u e n c in g  s tu d ie s  in  o th e r  h e r p e s v i r u s e s  b e lo n g in g  to  th e  a lp h a - ,  
b e t a -  a n d  g a m m a h e rp e s v iru s e s  s u b fa m ilie s  (VZV, HCMV a n d  EBV 
r e s p e c t iv e ly ) .  T h e s e  g e n e s  t h e r e f o r e  a p p e a r  to  b e  w ell c o n s e r v e d  
th r o u g h o u t  th e  h e r p e s v i r u s  fam ily . A lth o u g h  f u n c t io n a l  s tu d i e s  h a v e  
n o t  b e e n  r e p o r t e d  f o r  a n y  o f th e s e  h e r p e s v i r u s  h o m o lo g u e s , t h e  h ig h  
d e g r e e  o f c o n s e r v a t io n  is  c o n s i s t e n t  w ith  th e  e n c o d e d  p r o te in s  h a v in g  
e s s e n t ia l  r o le s  in  v i r a l  DNA s y n th e s i s .  I t  is  i n t e r e s t i n g  to  n o te  t h a t  
a l th o u g h  a VZV h o m ologue  o f th e  UL8 p r o te in  h a s  b e e n  id e n t i f ie d ,  no  
p r o te in s  w ith  r e c o g n is a b le  am ino a c id  s e q u e n c e  s im ila r i ty  to  th e  UL8 
p r o te in  a r e  e n c o d e d  b y  th e  g e n o m e s  o f HCMV a n d  EBV. T h e  UL8 g e n e  
m ay t h e r e f o r e  b e  s p e c if ic  to  th e  a lp h a h e r p e s v i r u s  l in e a g e . T h is  is  
c le a r ly  in  m a rk e d  c o n t r a s t  to  t h e  UL5 a n d  UL52 p r o te in  s u b u n i t s .  A 
c o r r e s p o n d in g  h e l ic a s e - p r im a s e  com plex  in  EBV a n d  HCMV m ay c o n ta in  
a n  e q u iv a le n t  o f th e  UL8 p r o te in  w h ic h  h a s  d iv e r g e d  to  s u c h  a n  
e x te n t  a s  to  b e  u n r e c o g n is a b le ,  o r  th e  e s s e n t ia l  f u n c t io n  o f t h e  UL8 
p r o te in  in  th e  HSV-1 com plex  m ay b e  c a r r ie d  o u t  b y  th e  UL5 a n d / o r  
UL52 h o m o lo g u e , o r  b y  som e o th e r  p o ly p e p t id e .  T h e s e  p o s s ib i l i t ie s  
a w a it  b io ch e m ic a l c h a r a c te r iz a t io n  o f t h e  HCMV a n d  EBV e n z y m e s .
4. T he Role o f  T he UL8 P ro te in
T h e  UL8 g e n e  is  e s s e n t ia l  f o r  t h e  r e p l ic a t io n  o f HSV-1 DNA (Wu e t  
a l ,  1988; C a rm ic h ae l a n d  W eller, 1989) a n d , a s  th e  r e s u l t s  in  S e c tio n s  
3D.3 a n d  3F.3 sh o w , i t s  p o ly p e p t id e  p r o d u c t  is  a  s u b u n i t  o f th e  v i r a l  
h e l ic a s e - p r im a s e  com plex . E x p e r im e n ta l  e v id e n c e  to  d a te  h a s  in d ic a te d  
t h a t  t h i s  p r o te in  is  n o t  r e q u i r e d  f o r  e n z y m a tic  a c t iv i ty  o f th e  com plex . 
T h e  r o le  o f t h e  UL8 p r o te in  w ith in  th e  h e l ic a s e - p r im a s e  com plex  a n d  in  
r e p l ic a t io n  o f v i r a l  DNA is ,  t h e r e f o r e ,  so m e w h a t u n c le a r .  No 
o u t s t a n d in g  f e a t u r e s  a r e  a p p a r e n t  w ith in  t h e  am ino  a c id  s e q u e n c e  
p r e d i c te d  to  b e  e n c o d e d  b y  th e  UL8 g e n e  a n d  no  o b v io u s  h o m o lo g u e s  
h a v e  b e e n  id e n t i f ie d  in  r e c e n t  d a ta  b a s e  s e a r c h e s .  A lth o u g h
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d is p e n s a b le  fo r  th e  a c t iv i t ie s  so  f a r  a t t r i b u t e d  to  th e  com plex , th e  UL8 
s u b u n i t  m ay c o n fe r  a n  a d d it io n a l ,  a s  y e t  u n id e n t i f ie d ,  e n z y m e  fu n c t io n . 
A c a n d id a te  a c t iv i ty  w h ic h  is  l ik e ly  to  b e  r e q u i r e d  on  th e  la g g in g  
s t r a n d  is  DNA lig a s e . A l te rn a t iv e ly ,  t h i s  s u b u n i t  m ay p la y  a n  im p o r ta n t  
ro le  in  th e  fo rm a tio n , t r a n s lo c a t io n  o r  s ta b i l i ty  o f th e  com plex. 
I n t r a c e l lu l a r  lo c a liz a tio n  s tu d ie s ,  d e s c r ib e d  in  S e c tio n  3G .2(a), show  
t h a t  w h e n  th e  UL52 p r o te in  is  e x p r e s s e d  in  BHK c e lls  in  th e  a b s e n c e  
o f o th e r  HSV-1 r e p l ic a t io n  p r o te in s  i t  e x h ib i ts  a  c y to p la sm ic  
p e r in u c le a r  s ta in in g  p a t t e r n .  O nly  w h e n  a ll t h r e e  s u b u n i t s  of th e  
h e l ic a s e - p r im a s e  com plex  a r e  c o - e x p r e s s e d  d o e s  th e  UL52 p r o te in  
becom e e f f ic ie n t ly  lo c a liz e d  w ith in  t h e  ce ll n u c le i .  T h e s e  o b s e r v a t io n s ,  
t o g e t h e r  w ith  th e  r e c e n t  r e s u l t s  o f o th e r  lo c a liz a tio n  e x p e r im e n ts  (N D 
S tow  a n d  E C S tow , p e r s .  com m .), s u g g e s t  t h a t  a ll t h r e e  HSV-1 p r o te in  
s u b u n i t s  m u s t b e  p r e s e n t  t o g e t h e r  f o r  e f f ic ie n t  lo c a liz a tio n  o f a n y  o n e  
o f th em  to  th e  ce ll n u c le u s .  An im p o r ta n t  f u n c t io n  o f t h e  UL8 p r o te in  
m ay t h e r e f o r e  b e  to  f a c i l i ta te  t r a n s p o r t  o f t h e  com plex  fo llo w in g  i t s  
a s s e m b ly  in  th e  c y to p la sm , in to  th e  ce ll n u c le u s .
M any n u c le a r  p r o te in s  h a v e  s p e c if ic  n u c le a r  lo a c a liz a tio n  
s e q u e n c e s  ( s h o r t  s t r e t c h e s  co m p o sed  m ain ly  o f b a s ic  am ino  a c id s )  
( S i lv e r ,  1991). No s u c h  s ig n a l  is  e v id e n t  in  th e  p o ly p e p t id e s  e n c o d e d  
b y  UL5, UL8 o r  UL52. I t  is  p o s s ib le  t h a t  o n ly  a  com plex  fo rm e d  o f a ll 
t h r e e  s u b u n i t s  e x is ts  in  a  c o n fo rm a tio n  s u c h  t h a t  a  s ig n a l  is  
p r e s e n t e d  w h ic h  is  r e c o g n iz e d  b y  th e  n u c le a r  t r a n s p o r t  m a c h in e ry  o f 
t h e  ce ll.
F u r t h e r  s tu d ie s  a r e  r e q u i r e d  to  d e te rm in e  th e  f a c t o r s  r e s p o n s ib le  
f o r  lo c a liz a tio n  o f t h e  HSV-1 h e l ic a s e - p r im a s e  com plex  w ith in  th e  c e ll 
n u c le u s  d u r in g  ly t ic  in fe c tio n . Of p a r t i c u l a r  i n t e r e s t  w ill b e  t h e  
i n t r a n u c l e a r  d i s t r ib u t io n  o f th e  com plex  in  th e  p r e s e n c e  o f HSV-1 
mDBP. T h is  e s s e n t ia l  v i r a l  r e p l ic a t io n  p r o te in  (e n c o d e d  b y  g e n e  U L29), 
in  a d d i t io n  to  b in d in g  s in g l e - s t r a n d e d  DNA, a p p e a r s  to  p la y  a n  
im p o r ta n t  r o le  in  th e  o rg a n iz a t io n  of o th e r  v i r a l  a n d  c e l lu la r  
r e p l ic a t io n  p r o te in s  w ith in  th e  HSV-1 in f e c te d  c e ll (Q u in la n  e t  al., 1984; 
d e B r u y n  K ops a n d  K n ipe , 1988; W ilcock a n d  L a n e , 1991). U n d e r  
c o n d it io n s  w h ic h  p e rm it  v i r a l  DNA s y n th e s i s ,  t h e  HSV-1 DNA 
p o ly m e ra s e , UL42 p r o te in  a n d  o r ig in - b in d in g  p r o te in  e a c h  e x h ib i t  a n  
i n t r a n u c l e a r  d i s t r ib u t io n  s im ila r  to  t h a t  of mDBP, b e in g  c o n f in e d  to  th e  
s o -c a l le d  r e p l ic a t io n  c o m p a r tm e n ts  w h e re  v i r a l  DNA s y n th e s i s  o c c u r s  
(O livo e t  al., 1989). I n  c o n t r a s t ,  in  th e  a b s e n c e  o f v i r a l  DNA s y n th e s i s  
t h e s e  p r o te in s  a r e  f o u n d  a t  n u m e ro u s  sm all fo c i in  t h e  n u c le u s  w h ic h  
a r e  te r m e d  p r e - r e p l i c a t iv e  s i t e s  (Q u in la n  e t  al., 1984; d e B r u y n  K ops
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a n d  K nipe , 1988). S tu d ie s  w ith  HSV-1 m u ta n ts  r e v e a l  t h a t  a f u n c t io n a l  
mDBP is  e s s e n t ia l  f o r  th e  lo c a liz a tio n  o f t h e  POL a n d  UL42 p r o te in s  to  
th e s e  s i t e s  (G o o d rich  e t  al., 1990; B u sh  e t  al., 1991). By e x p r e s s in g  th e  
h e l ic a s e - p r im a s e  com plex  in  th e  p r e s e n c e  a n d  a b s e n c e  o f mDBP i t  m ay 
b e  p o s s ib le  to  d e te rm in e  w h e th e r  d i s t r ib u t io n  of th e  com plex  is  
s im ila r ly  a f f e c te d  b y  mDBP.
5. T h e  UL5, UL8 a n d  UL52 P r o te in s  a s  A n t iv ir a l  T a r g e t s
T h e re  a r e  a p p a r e n t ly  n o  s ig n i f ic a n t  d i f f e r e n c e s  b e tw e e n  th e  
h e l ic a s e - p r im a s e  a s se m b le d  in  i n s e c t  c e lls  a n d  t h a t  p u r i f ie d  fro m  HSV- 
1 in f e c te d  c e lls  (C ru te  a n d  L eh m an , 1991). T h e  r e a d i ly  a v a ila b le
re c o m b in a n t  e n zy m e  m ay th e r e f o r e  b e  r e g a r d e d  a s  e s s e n t ia l ly  id e n t ic a l
to  th e  h e l ic a s e - p r im a s e  com plex  w h ic h  p a r t i c ip a te s  in  t h e  r e p l ic a t io n  o f 
th e  HSV-1 g enom e. S tu d ie s  o f t h e  e n z y m a tic  m e c h a n ism s  of th i s  
com plex  a n d  o f th e  s t r u c t u r e  a n d  a s s e m b ly  o f i t s  p r o te in  s u b u n i t s  m ay 
a id  in  th e  d e v e lo p m e n t o f s p e c if ic  a n t iv i r a l  a g e n ts .  T h e  h e l ic a s e -
p r im a s e  com plex  is  a n  a t t r a c t i v e  t a r g e t  b e c a u s e  a ll t h r e e  p r o te in s  a r e  
e s s e n t ia l  f o r  ly t ic  in fe c tio n . In  a d d it io n , b e c a u s e  e n z y m a tic  a c t iv i ty  
a p p e a r s  to  d e p e n d  m in im ally  u p o n  a  com plex  o f t h e  UL5 a n d  UL52
s u b u n i t s ,  i t  m ay b e  p o s s ib le  to  in h ib i t  v i r a l  r e p l ic a t io n  b y  b lo c k in g  
a s s e m b ly  o r  c a u s in g  d is s o c ia t io n  o f t h e s e  s u b u n i t s .  T h e  com plex  m ay 
a lso  p o s s ib ly  b e  t a r g e t e d  t h r o u g h  th e  u s e  o f s u b s t r a t e  a n a lo g u e s ,  e .g . 
r ib o n u c le o t id e s ,  s i n g l e - s t r a n d e d  o r  f o r k e d  DNA s u b s t r a t e s .
6. T h e  UL5 P r o te in  Am ino A cid  S e q u e n c e
By a n a ly s is  o f p r e d ic te d  p o ly p e p t id e  s e q u e n c e s  G o rb a le n y a  a n d  
K oonin  (1989) h a v e  id e n t i f ie d  f o u r  s u p e r f a m il ie s  o f c e l lu la r  a n d  v i r a l  
p r o te in s  in v o lv e d , o r  l ik e ly  to  b e  in v o lv e d , in  DNA o r  RNA h e lic a s e
a c t iv i ty .  T h e  HSV-1 UL5 a n d  UL9 p r o te in s  a r e  m em b e rs  o f
s u p e r f a m il ie s  o n e  a n d  tw o  r e s p e c t iv e ly .  P r o te in s  in  b o th  o f t h e s e  
fam ilie s  c o n ta in  s e v e n  r e la t iv e ly  w ell c o n s e r v e d  m o tifs  s p a n n in g  th e  
le n g th  o f th e  p o ly p e p t id e  c h a in .
Of t h e  s e v e n  c o n s e r v e d  r e g io n s ,  m o tifs  I  a n d  I I  r e s p e c t iv e ly  co ­
in c id e  w ith  d o m ain s  A a n d  B o f th e  w e ll-k n o w n  N T P -b in d in g  s i t e  
p r e s e n t  in  m an y  c la s s e s  o f p r o te in s  a n d  d e s c r ib e d  b y  W alker e t  al.
(1982). T h e  re m a in in g  m o tifs  a p p e a r  to  b e  d i s t in c t iv e  f e a t u r e s  o f t h e s e
k n o w n  a n d  p u ta t iv e  h e l ic a s e s  (G o rb a le n y a  e t  a l ,  1988; G o rb a le n y a  a n d  
K oonin , 1989; H odgm an , 1988). M otif I  e x h ib i ts  t h e  c o n s e n s u s  s e q u e n c e  
G/AXXGXGKS/T a n d  is  fo u n d  a lm o s t e x c lu s iv e ly  in  A T P- a n d  G TP- 
b in d in g  p r o te in s .  X - ra y  c r y s t a l l o g r a p h y  s tu d ie s  s u g g e s t  t h a t  t h i s
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dom ain  fo rm s  a loop  w h ic h  b in d s  a  p h o s p h a te  g r o u p  ( re v ie w e d  b y  
H odgm an, 1988). M otif I I  c o n ta in s  a  h y d r o p h o b ic  r e g io n  p r e c e d in g  a 
c o n s e r v e d  a s p a r t a t e  r e s id u e  w h ic h  is  im p lic a te d  in  p h o s p h a te  b in d in g  
v ia  a  m ag n esiu m  ion .
T he p o s it io n s  o f th e  s e v e n  c o n s e r v e d  m o tifs  in  th e  UL5 s e q u e n c e  
a r e  sh o w n  in  F ig u r e  52. M otif I  c o n ta in s  th e  s e q u e n c e  GNAGSGKS, 
w h ic h  f i t s  th e  c o n s e n s u s  of a  c la s s ic a l  N T P -b in d in g  s i te .  A lso, w ith in  
m otif I I ,  f o u r  h y d r o p h o b ic  r e s id u e s  p r e c e d e  c o n s e r v e d  a s p a r t a t e  a n d  
g lu ta m a te  r e s id u e s .  I n  a d d it io n , th e  UL5 s e q u e n c e  c o n ta in s  a n o th e r  
m o tif, l a ,  a n d  a  c o n s e r v e d  ty r o s in e  r e s id u e  a t  t h e  t h i r d  p o s it io n  
w ith in  m otif VI, b o th  o f w h ic h  a r e  a s s o c ia te d  w ith  DNA o r  
p o ly n u c le o tid e  b in d in g  ( re v ie w e d  b y  H odgm an , 1988).
A m u ta n t  o f HSV -1, tsK 13, w h ic h  is  d e fe c t iv e  f o r  DNA s y n th e s i s  a t  
th e  NPT, c o n ta in s  a  s in g le  p o in t  m u ta tio n  in  t h e  UL5 g e n e  r e s u l t i n g  in  
a  c h a n g e  of th e  p ro l in e  r e s id u e  a t  p o s it io n  238 to  a  le u c in e  ( F ig u r e  
52; Z hu  a n d  W eller, 1988). T he  t e m p e r a tu r e  s e n s i t iv e  p h e n o ty p e  o f th i s  
m u ta n t  is  p r e s u m e d  to  h a v e  a r i s e n  a s  a  c o n s e q u e n c e  o f t h i s  am ino 
a c id  s u b s t i tu t io n  w h ic h  l ie s  c lo se  to  m o tif I I ,  t h e  p re s u m e d  N TP- 
b in d in g  s i te .  W h e th e r  th e  tsK13 m u ta tio n  a f f e c t s  b in d in g  o r  h y d r o ly s i s  
o f ATP b y  th e  UL5 s u b u n i t  a w a its  a  fu n c t io n a l  c o m p a r is o n  o f w i ld - ty p e  
a n d  m u ta n t  p o ly p e p t id e s .
T h e  p r e s e n c e  o f t h e s e  m o tifs  w ith in  t h e  UL5 p r o te in  s u g g e s t  t h a t  
DNA h e lic a s e  m ay b e  a n  in t r in s i c  p r o p e r t y  o f t h i s  s u b u n i t  o f t h e  HSV- 
1 h e l ic a s e - p r im a s e  com plex . H o w ev er, t h e  r e s u l t s  sh o w n  in  S e c tio n s  3D 
a n d  3F a n d  r e p o r t e d  b y  D odson  a n d  L ehm an  (1991) in d ic a te  t h a t  
n e i t h e r  th e  UL5 n o r  UL52 p r o te in  e x p r e s s e d  in d iv id u a l ly  is  a  DNA 
h e lic a s e  o r  DNA p r im a s e . T he  h ig h ly  c o n s e r v e d  s e q u e n c e s  p r e s e n t  in  
th e  UL5 p o ly p e p t id e  a r e ,  n e v e r th e l e s s ,  l ik e ly  to  b e  im p o r ta n t  f o r  
h e l ic a s e  a c t iv i ty  o f th e  com plex . T he  ro le  o f t h e  UL52 p r o te in  in  
m e d ia tin g  th i s  a c t iv i ty  is  u n k n o w n . W h e th e r  t h e  N T P -b in d in g  s i t e  o f 
th e  UL5 p o ly p e p t id e  is  r e l e v a n t  to  th e  p r im a se  a c t iv i ty  o f t h e  com plex  
is  a ls o  u n k n o w n .
7. C ou p lin g  o f  H elica se  a n d  P rim ase F u n ctio n s
T h e  c o u p lin g  o f DNA h e lic a s e  a n d  DNA p r im a s e  a c t iv i t i e s  o c c u r s  
f r e q u e n t l y  in  p r o k a r y o te s .  T h e  com plex  c o m p r is in g  tw o  HSV-1 
p o ly p e p t id e s  (UL5 a n d  UL52) w h ic h  e x h ib i ts  h e lic a s e  a n d  p r im a s e  
a c t iv i t i e s  m ay , f o r  ex am p le , b e  a n a lo g o u s  to  t h e  g e n e  4 1 /6 1  p rim o so m e 
com plex  o f b a c te r io p h a g e  T4 (N o ssa l a n d  A lb e r ts ,  1983; M atso n  a n d
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F ig u re  52 . P r e d ic te d  Amino A cid  Sequence Encoded by Gene PL5
The f ig u r e  shows th e  DNA seq u en ce  o f  th e  UL5 gene (c o d in g  s t r a n d  
on ly )(H cG eoch  e t  a l . ,  1 9 8 8 a ) , w ith  th e  p r e d i c te d  am ino a c id  seq u en ce  
encoded  g iv e n  in  s i n g l e - l e t t e r  code above th e  DNA se q u e n c e . A lso  shown 
a r e  240 r e s id u e s  5* and 114 r e s id u e s  3 ' t o  th e  UL5 ORF. The
t r a n s l a t i o n  i n i t i a t i o n  codons f o r  a d ja c e n t  g en es  UL4 and  UL6 (CAT on
UL5 c o d in g  s t r a n d )  a r e  m arked .
Amino a c id  seq u en c e  m o ti f s  c o n se rv e d  in  p r o t e i n s  b e lo n g in g  to  th e  
p ro p o se d  h e l i c a s e  s u p e r f a m ily  1 a r e  in d ic a te d  by th e  s o l i d ,  h o r i z o n t a l  
l i n e s .  T hese m o ti f s  (from  th e  N -te rm in u s  I ,  l a ,  I I ,  I I I ,  IV, V and  VI)  
a r e  l i s t e d  a t  th e  s id e  (McGeoch e t  a l . ,  1988a; G o rb a le n y a  and  K oonin ,
1 9 8 9 ).
The p r o l i n e  r e s id u e  a t  p o s i t i o n  238, w hich i s  r e p la c e d  by a
le u c in e  in  th e  m u tan t tsK13 (Zhu and W e lle r , 1 988 ), i s  boxed .
K a is e r -R o g e rs , 1990). In  T4, DNA h e lic a s e  a c t iv i ty  is  e n c o d e d  b y  g e n e  
41 a n d  g e n e  61 p r o te in  is  a s s o c ia te d  w ith  DNA p r im a se  a c t iv i ty .  W hen 
th e s e  p r o te in s  a r e  d is s o c ia te d ,  h o w e v e r , b o th  a c t iv i t ie s  a r e  g r e a t ly  
r e d u c e d .  By a n a lo g y , in  HSV-1, h e lic a s e  a n d  p r im a se  a c t iv i t ie s  m ay b e  
p e r fo rm e d  b y  th e  p r o d u c t s  of g e n e s  UL5 a n d  UL52 r e p e c t iv e ly  b u t  
o n ly  u n d e r  c o n d it io n s  w h e re  th e  tw o  p o ly p e p t id e s  a s s o c ia te  to  fo rm  a 
s p e c if ic  com plex. I f  t h i s  is  th e  c a se  i t  m ay b e  p o s s ib le  to  d is s o c ia te  
t h e  tw o  a c t iv i t ie s  b y  m u ta g e n e s is .
In  e u k a r y o te s  p r im a se  a c t iv i ty  is  f r e q u e n t ly  c o u p le d  w ith  DNA 
p o ly m e ra s e  in  a  t i g h t  com plex . F o r  ex am p le , m am m alian  DNA POLa, 
w h ic h  c o m p rise s  f o u r  p o ly p e p t id e  s u b u n i t s  p o s s e s s e s  a  c a ta ly t ic  
dom ain  f o r  DNA s y n th e s i s ,  c o n ta in e d  w ith in  th e  l a r g e s t  s u b u n i t ,  a n d  a 
DNA p r im a se  a c t iv i ty  s u p p l ie d  b y  th e  tw o  s m a lle s t  s u b u n i t s  ( F r y  a n d  
L o eb , 1986; C am pbell, 1986). An exam ple  o f c o u p lin g  o f DNA h e lic a s e  
a n d  DNA p r im a se  f u n c t io n s  m ay o c c u r  d u r in g  r e p l ic a t io n  o f t h e  SV40 
g en o m e. A s p e c if ic  in te r a c t io n  b e tw e e n  m am m alian DNA POLa a n d  SV40 
T a n t ig e n  a t  th e  r e p l ic a t io n  f o r k  h a s  b e e n  d e m o n s t r a te d  (Sm ale a n d  
T jia n , 1986; G annon  a n d  L a n e , 1987) T h is  m ay f a c i l i ta te  c o u p lin g  o f th e  
DNA p r im a se  a c t iv i ty  a s s o c ia te d  w ith  POL a  w ith  t h e  DNA h e lic a s e  
f u n c t io n  o f T a n t ig e n  a t  th e  r e p l ic a t io n  f o rk .
8. DNA H elicase A c tiv ity  o f  th e  HSV-1 O rig in -B in d in g  P ro te in
T h e  r e s u l t s  d e s c r ib e d  in  S e c tio n  3F.5 sh o w  t h a t  t h e  HSV-1 OBP, 
e n c o d e d  b y  g e n e  UL9, is  a lso  a  DNA h e lic a s e . I n  a d d i t io n  th e  r e s u l t s  
sh o w  t h a t  t h e  C - te rm in a l  o n e - t h i r d  o f t h e  p r o te in ,  w h ic h  c o n ta in s  th e  
o r ig in - s p e c i f ic  D N A -b ind ing  dom ain  (W eir e t  al., 1989) is  in c a p a b le  o f 
D N A -s tra n d  u n w in d in g . T h is  in d ic a te s  t h a t  s e q u e n c e s  w ith in  t h e  N- 
te rm in a l  tw o - th i r d s  o f t h e  HSV-1 OBP a r e  im p o r ta n t  f o r  DNA h e lic a s e  
a c t iv i ty .  T h e  HSV-1 D N A -n eg ativ e  m u ta n t,  tsS , h a r b o u r s  a  le s io n  w ith in  
t h e  N - te rm in a l t w o - th i r d s  o f t h e  UL9 p r o te in  a n d  a p p e a r s  to  e x p r e s s  
s im ila r  le v e ls  o f o r ig in - b in d in g  a c t iv i ty  a t  th e  NPT to  w t  HSV-1 (W eir,
1990). T h is  s u g g e s t s  t h a t  s e q u e n c e s  in  t h i s  p a r t  o f t h e  p r o te in ,  w h ic h  
a r e  d i s t i n c t  fro m  th o s e  in v o lv e d  in  o r ig in - b in d in g  p e r fo rm  a  f u n c t io n  
e s s e n t ia l  o r  im p o r ta n t  f o r  r e p l ic a t io n  o f v i r a l  DNA. W h e th e r  t h e  tsS  
m u ta tio n  a f f e c t s  th e  DNA h e lic a s e  a c t iv i ty  o f t h e  UL9 p r o te in  a w a its  
f u r t h e r  s tu d y .  I n  a g re e m e n t  w ith  t h e  p r o p e r t i e s  o f t h e  C - te rm in a l  
o n e - t h i r d  f r a g m e n t  o f th e  UL9 p r o te in ,  th e  am ino  a c id  s e q u e n c e  
p r e d i c te d  to  b e  e n c o d e d  b y  th e  UL9 g e n e  c o n ta in s ,  w ith in  t h e  N- 
te r m in a l  400 am ino  a c id s ,  s e v e n  m o tifs  w h ic h  h a v e  le a d  to  i t s  in c lu s io n  
in  s u p e r f a m ily  tw o  of p r o te in s  w ith  h e l ic a s e  o r  p u ta t iv e  h e lic a s e
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a c t iv i ty  (G o rb a le n y a  a n d  K oonin , 1989). T he  s e q u e n c e  APMGSGKT, w h ich  
f i t s  th e  c o n s e n s u s  o f a n  N T P -b in d in g  s i te ,  is  p r e s e n t  n e a r  th e  N- 
te r m in u s  of th e  UL9 p r o te in  w ith in  m otif I.
In  a g re e m e n t  w ith  t h e  r e s u l t s  p r e s e n t e d  in  t h i s  T h e s is ,  B r u c k n e r  
e t  al. (1991) h a v e  v e r y  r e c e n t ly  r e p o r t e d  t h a t  D N A -d e p e n d e n t A T Pase 
a n d  DNA h e lic a s e  a c t iv i t ie s  a r e  e x h ib i te d  b y  th e  HSV-1 UL9 p r o te in  in  
a d d it io n  to  i t s  o r ig in - b in d in g  p r o p e r t ie s .  ATP h y d r o ly s i s  b y  th e  OBP 
w as r e p o r t e d  to  b e  s t r o n g ly  d e p e n d e n t  u p o n  th e  s t r u c t u r e  a n d  
s e q u e n c e  of th e  DNA p r e s e n t  in  t h e  a s s a y ,  w ith  a p p a r e n t  p r e f e r e n c e s  
f o r  s in g l e - s t r a n d e d  o v e r  d o u b le - s t r a n d e d  DNA a n d  f o r  p o ly (d T )  o v e r  
M 13m pl8 DNA s e q u e n c e s .
As sh o w n  in  S e c tio n  3F .5 , th e  UL9 DNA h e lic a s e  is  a c t iv e  on  
p a r t i a l  d u p le x  s u b s t r a t e s  w ith  o r  w i th o u t  a  3 ' s i n g l e - s t r a n d e d  ta i l  on  
t h e  f r a g m e n t  to  b e  d is p la c e d . T h is  is  a lso  in  a g re e m e n t  w ith  th e  
f in d in g s  o f B r u c k n e r  e t  al (1991). T h e  UL9 p r o te in ,  t h e r e f o r e ,  in  
a d d it io n  to  r e c o g n is in g  a n d  b in d in g  th e  HSV-1 o r ig in ,  m ay lo ca lly  
u n w in d  a  s h o r t  s t r e t c h  o f DNA a t  t h e  o r ig in  in  a  m a n n e r  s im ila r  to  th e  
s e p a r a t io n  of DNA s t r a n d s  a t  th e  SV40 o r ig in  b y  T a n t ig e n .  H o w ev er, 
t h e r e  is  no  e v id e n c e  to  d a te  f o r  t h e  u n w in d in g  o f d u p le x  o r k  o r  oriL 
s e q u e n c e s  b y  th e  UL9 p r o te in .
In  a d d it io n  to  i t s  DNA u n w in d in g  p r o p e r t i e s  a t  t h e  SV40 o r ig in  of 
r e p l ic a t io n ,  T a n t ig e n  is  a lso  c a p a b le  o f a c t in g  a s  a  DNA h e lic a s e  a t  
t h e  SV40 DNA r e p l ic a t io n  f o r k  (S ta h l  e t  a l, 1986). U n w in d in g  o f d u p le x  
DNA a t  a d v a n c in g  HSV-1 r e p l ic a t io n  f o r k s  c o u ld  p o te n t ia l ly  b e  m e d ia te d  
b y  th e  OBP o r  t h e  h e l ic a s e - p r im a s e  com plex . A lth o u g h  h e lic a s e  
a c t iv i t ie s  o f th e  OBP a n d  th e  h e l ic a s e - p r im a s e  com plex  h a v e  b e e n  
d e m o n s t r a te d  o n ly  on  m odel s u b s t r a t e s  i t  seem s l ik e ly  t h a t  th e  
h e l ic a s e - p r im a s e  com plex  p la y s  a  m a jo r  r o le  in  th e  p r o g r e s s io n  o f th e  
HSV-1 DNA r e p l ic a t io n  f o r k  w h ils t  t h e  h e lic a s e  a c t iv i ty  o f OBP m ay b e  
m ore  im p o r ta n t  f o r  in i t ia l  o p e n in g  o f t h e  o r k  a n d  o r k  r e g io n s .
T h e  DNA h e lic a s e  a c t iv i ty  o f t h e  HSV-1 h e l ic a s e - p r im a s e  com plex  is  
d e p e n d e n t  u p o n  th e  p r e s e n c e  w ith in  th e  s u b s t r a t e  o f a  3 1 s in g le ­
s t r a n d e d  ta i l  on  t h e  f r a g m e n t  to  b e  d is p la c e d  (C ru te  e t  a l ,  1988). T h is  
s u g g e s t s  t h a t  d u p le x  DNA m ay o n ly  b y  u n w o u n d  if  a  r e g io n  w h e re  th e  
DNA s t r a n d s  a r e  a l r e a d y  s e p a r a te d  e x is ts .  M elting  o f a  r e g io n  of 
d u p le x  DNA a t  th e  o r ig in ,  p e r h a p s  f a c i l i ta te d  b y  th e  DNA h e lic a s e  
a c tio n  o f th e  UL9 p r o te in ,  m ay allow  th e  r e l a t iv e ly  la r g e  h e l ic a s e -  
p r im a s e  com plex  a c c e s s  to  th e  te m p la te  DNA s t r a n d s  a t  t h e  HSV-1 
o r ig in .  T h e  UL9 p r o te in  m ay a d d it io n a l ly  b e  in v o lv e d  in  t h e  a s s e m b ly  
o f a  r e p l i c a t iv e  com plex  a t  t h e  HSV-1 o r ig in .  A g e n e r a l  f e a t u r e  o f OBP-
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o r ig in  com plexes m ay b e  to  e n a b le  in te r a c t io n  of o th e r  r e p l ic a t io n  
p r o te in s  a t  th is  r e g io n .
A m plifica tion  o f h e te r o lo g o u s  s e q u e n c e s  b y  HSV-1 r e p l ic a t io n  
p r o te in s  h a s  b e e n  r e p o r t e d  in  t r a n s f o r m e d  ce ll l in e s  a n d  t r a n s f e c t e d  
c e lls  in  w h ich  fu n c t io n a l  SV40 T a n t ig e n  a n d  l in k e d  SV40 o r ig in  a r e  
p r e s e n t .  In  th e s e  in s ta n c e s  a ll th e  HSV-1 r e p l ic a t io n  p r o te in s  e x c e p t  
th e  UL9 p r o te in  a r e  r e q u i r e d  f o r  a m p lif ic a tio n  o f h e te r o lo g o u s  DNA 
(M atz, 1989; H e ilb ro n  a n d  z u rH a u s e n , 1989). T he  d a ta  s u g g e s t  t h a t  a  T 
a n tig e n -S V 4 0  o r ig in  com plex  m ay a lso  e x h ib i t  som e a f f in i ty  f o r  th e  
r e m a in in g  HSV-1 r e p l ic a t io n  p r o te in s  r e s u l t i n g  in  t h e i r  r e c r u i tm e n t  to  
th e  SV40 o r ig in  r e g io n  a n d  a m p lif ic a tio n  o f th e  a t t a  c h e d  s e q u e n c e s .  I t  
is  n o t  k n o w n  w h e th e r  t h i s  p h e n o m e n o n  is  b a s e d  p r im a r i ly  u p o n  
p r o te in - p r o te in  in te r a c t io n s  o r  w h e th e r  t h e  s t r u c t u r e  o f lo ca lly  
u n w o u n d  DNA m ay b e  im p o r ta n t .
F o llow ing  in i t ia l  s t r a n d  s e p a r a t io n  a t  th e  o r ig in ,  th e  HSV-1 mDBP, 
w h ic h  is  e s s e n t ia l  f o r  th e  r e p l ic a t io n  o f v i r a l  DNA, m ay c o n t r ib u te  to  
m a in ta in in g  th e  m e lte d  r e g io n  a s  s e p a r a te  DNA s t r a n d s  in  o r d e r  to  
p r o v id e  a lo a d in g  s i t e  f o r  t h e  h e l ic a s e - p r im a s e  com plex  a n d  e s ta b l i s h  a 
s ta b le  HSV-1 r e p l ic a t io n  f o rk .  In  t h e  p r e s e n c e  o f mDBP, th e  v i r a l  
h e l ic a s e - p r im a s e  com plex  is  c a p a b le  o f c o m p le te ly  u n w in d in g  a  n ic k e d , 
d o u b le - s t r a n d e d  c i r c u la r  DNA te m p la te  (C ru te  a n d  L eh m an , 1991). T he 
DNA h e lic a s e  c o m p o n e n t o f th e  com plex  is  p r o p o s e d  to  b in d  th e  la g g in g  
s t r a n d  te m p la te  a n d  to  u n w in d  th e  d u p le x  w h i ls t  m o v in g  in  a  5 '-3 ' 
d i r e c t io n .  T h e  DNA p r im a se  a c t iv i ty ,  w h ic h  s y n th e s iz e s  
o l ig o r ib o n u c le o t id e s  8 -12  b a s e s  in  l e n g th  (C ru te  a n d  L e h m an , 1991), is  
a v a ila b le  to  p rim e  d is c o n t in u o u s  s y n th e s i s  on  th e  l a g g in g  s t r a n d  
w h i ls t  th e  d is p la c e d  le a d in g  s t r a n d  is  a v a ila b le  f o r  c o n tin u o u s  
s y n th e s i s .  R e p lic a tio n  o f b o th  s t r a n d s  c a n  th e r e f o r e  b e  c o - o r d in a te d  
b y  c o u p le d  a c t iv i t ie s  o f h e lic a s e  a n d  p r im a se .
9. T he HSV-1 DNA R ep lica tion  F ork
T h e  e x p e r im e n ta l  e v id e n c e  to  d a te  in d ic a te s  t h a t  t h e  o n ly  DNA 
p o ly m e ra s e  r e q u i r e d  f o r  th e  r e p l ic a t io n  o f HSV-1 DNA is  t h e  v i r a l  UL30 
g e n e  p r o d u c t .  As d e s c r ib e d  in  t h e  I n t r o d u c t io n  (S e c t io n  ID .3 (a ))  
m odels  f o r  th e  c o n c u r r e n t  s y n th e s i s  o f le a d in g  a n d  la g g in g  s t r a n d s  in  
E. co li a n d  SV40 h a v e  b e e n  p ro p o s e d  w h ic h  u t i l iz e  o n e  o r  tw o  
p o ly m e ra s e s  r e s p e c t iv e ly .
I n  E. co li, K o rn b e rg  (1982; 1988) p r o p o s e s  t h a t  tw o  DNA p o ly m e ra s e  
I I I  m o le c u le s  fo rm  a n  a s y m m e tr ic  d im e ric  com plex  b y  d i f f e r e n t i a l  
a s s o c ia t io n  o f a c c e s s o r y  p r o te in s  w ith  o n e  o r  o t h e r  c a ta ly t ic  s u b u n i t
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s u c h  t h a t  le a d in g  s t r a n d  s y n th e s i s  b y  o n e  a n d  la g g in g  s t r a n d  
s y n th e s i s  b y  th e  o th e r  is  f a v o u r e d .  L o o p in g  of th e  la g g in g  s t r a n d  
te m p la te  a ro u n d  o n e  p o ly m e ra s e  m olecu le  f a c i l i ta te s  c o n c u r r e n t  
s y n th e s i s  o f b o th  s t r a n d s .
S im ila rly , in  th e  r e p l ic a t io n  o f SV40 DNA, m am m alian DNA 
p o ly m e ra s e s  a  a n d  6, d i f f e r e n t i a l ly  com p lex ed  w ith  s p e c if ic  a c c e s s o r y  
p r o te in  s u b u n i t s ,  r e s p e c t iv e ly  s y n th e s iz e  la g g in g  a n d  le a d in g  s t r a n d s .  
T he  la g g in g  s t r a n d  te m p la te  h a s  b e e n  p ro p o s e d  to  b e  lo o p e d  a r o u n d  
POL a  o r  a l t e r n a t iv e ly  m a in ta in e d  a s  a n  e x te n d e d  loop  e x te n d e d  b y  
s in g l e - s t r a n d e d  D N A -b ind ing  p r o te in  (R P-A /H SS B ) (S til lm a n , 1989; 
H u rw itz  e t  a l ,  1990).
E v e n ts  a t  th e  E. co li a n d  SV40 r e p l ic a t io n  f o r k s  a r e  t h e r e f o r e  co ­
o r d in a te d  b y  in te r a c t io n s  b e tw e e n  s t r a n d - s p e c i f i c  DNA p o ly m e ra s e  
a c t iv i t ie s ,  a c c e s s o ry  p r o te in s ,  DNA h e lic a s e  a n d  DNA p r im a se .
F ra c t io n a t io n  s tu d ie s  o f HSV-1 in f e c te d  c e lls  h a v e  sh o w n  t h a t  th e  
c a ta ly t ic  s u b u n i t  o f t h e  v i r a l  DNA p o ly m e ra s e  (PO L), e n c o d e d  b y  g e n e  
UL30, c o - p u r i f ie s  w ith  th e  p r o d u c t  o f th e  HSV-1 g e n e  UL42 (Gallo e t  
al., 1988; P a r r i s  e t  al., 1988). I n  th e  a b s e n c e  o f UL42 p r o te in  th e  
c a ta ly t ic  s u b u n i t  a c t s  a s  a  m o d e ra te ly  p r o c e s s iv e  DNA p o ly m e ra s e . In  
t h e  p r e s e n c e  o f th e  UL42 p r o te in ,  h o w e v e r , t h e  e n z y m e  is  h ig h ly  
p r o c e s s iv e  (Gallo e t  al., 1989; G o ttlieb  e t  a l ,  1990; H e rn a n d e z  a n d  
L eh m an , 1990), a n d  c o m p r ise s  a  h e te r o d im e r  o f t h e  UL30 a n d  UL42 
g e n e  p r o d u c t s .
I t  is  n o t  k n o w n  w h e th e r  t h e  r e p l ic a t io n  of HSV-1 DNA in v o lv e s  
d im e r iz a tio n  o f DNA p o ly m e ra s e  c a ta ly t ic  s u b u n i t s .  H o w ev er, b y  a n a lo g y  
w ith  t h e  m odels  p ro p o s e d  f o r  o th e r  s y s te m s , a  com plex  o f tw o  
p o ly m e ra s e  m o lecu le s  m ay f a c i l i ta te  c o n c u r r e n t  s y n th e s i s  o f b o th  
s t r a n d s  o f t h e  v i r a l  DNA. A m odel c a n  b e  p r o p o s e d  in  w h ic h  th e  
le a d in g  s t r a n d  is  s y n th e s iz e d  p r o c e s s iv e ly  b y  th e  PO L-U L42 
h e te r o d im e r  w h ils t  p r im e r s  s y n th e s iz e d  on  th e  la g g in g  s t r a n d  b y  th e  
h e l ic a s e - p r im a s e  com plex  a r e  e lo n g a te d  b y  th e  le s s  p r o c e s s iv e  POL 
a lo n e . T h is  p o ly m e ra s e  m olecu le  m ay t h e r e f o r e  a lso  i n t e r a c t  d i r e c t l y  
w ith  t h e  h e l ic a s e - p r im a s e  com plex . T h e  m ain  a rg u m e n t  a g a in s t  t h i s  
m odel is  th e  2 0 -fo ld  m o la r e x c e s s  o f UL42 p r o te in  o v e r  POL (G o ttlie b  
e t  al., 1990). H o w ev er, d i f f e r e n t  p r o c e s s e d  fo rm s  o f UL42 p r o te in  a r e  
k n o w n  to  e x is t  (M a rs d e n  e t  al, 1987) a n d  p e r h a p s  t h e s e  m ay r e g u la te  
t h e  a c t iv i ty  o f POL on  th e  tw o  s t r a n d s .
In  a d d i t io n  to  i t s  DNA p o ly m e ra s e  f u n c t io n  POL p o s s e s s e s  i n t r in s i c  
3 '—5' e x o n u c le a s e  p r o o f r e a d in g  a n d  5 '—3' e x o n u c le a se /R N a s e  H a c t iv i t ie s .  
F o llo w in g  s y n th e s i s  o f n a s c e n t  f r a g m e n ts  on  th e  la g g in g  s t r a n d
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p r im e rs  m ay b e  re m o v e d  b y  th e  RN ase H a c t iv i ty  a s s o c ia te d  w ith  POL 
a n d  r e p la c e d  b y  d e o x y r ib o n u c le o t id e s .  HSV DNA s y n th e s i s  is  a lso  lik e ly  
to  r e q u i r e  a d d it io n a l  f u n c t io n s ,  m o st im p o r ta n t ly  a  DNA lig a s e  to  jo in  
n a s c e n t  f r a g m e n ts ,  a n d  to p o is o m e ra s e s  ( ty p e s  I  a n d / o r  I I )  f o r  th e  
r e l e a s e  of to r s io n a l  s t r a in  a h e a d  of th e  a d v a n c in g  r e p l ic a t io n  f o r k  a n d  
p e r h a p s  a lso  in  th e  s e p a r a t io n  o f d a u g h te r  m o lecu le s . I t  is  n o t  c le a r  
w h e th e r  th e  to p o is o m e ra s e  ty p e  I  a c t iv i ty  in d u c e d  in  HSV-1 in fe c te d  
c e lls  is  e n c o d e d  b y  th e  v i r u s  o r  h o s t  ce ll gen o m e (B isw al e t  al., 1983; 
M u lle r e t  al., 1985), w h e re a s  th e  in d u c e d  to p o is o m e ra s e  ty p e  I I  a c t iv i ty  
is  a p p a r e n t ly  s p e c if ie d  b y  th e  h o s t  c e ll ( E b e r t  e t  al., 1990). T he  
s o u rc e  o f DNA l ig a s e  a c t iv i ty  is  a lso  u n c le a r .  A s p e c if ic  s t r a n d  n ic k in g  
a c t iv i ty  m ay a lso  b e  im p o r ta n t  in  s w itc h in g  fro m  a  m ech an ism  
in v o lv in g  b i - d i r e c t io n a l  m o v em en t o f r e p l ic a t io n  f o r k s  to  a  r o l l in g -  
c ir c le  m ode in  w h ic h  o n ly  a  s in g le  r e p l ic a t io n  f o r k  is  a c t iv e .
O th e r  v i r a l  a n d  c e l lu la r  a c t iv i t ie s  a r e  a lso  l ik e ly  to  b e  in v o lv e d  in  
r e g u la t i n g  r e p l ic a t io n  of th e  HSV-1 g en o m e . T h e s e  m ay in c lu d e  
e n z y m e s  in v o lv e d  in  n u c le o t id e  m etab o lism , p r o te in  k in a s e s  a n d  
p h o s p h a ta s e s  w h ic h  m ig h t r e g u la te  th e  a c t i v i t y  o f t h e  r e p l i c a t iv e  
e n z y m e s  a n d  f a c to r s  w h ic h  c o n tro l  v i r a l  g e n e  e x p re s s io n ,  p a r t i c u l a r ly  
e x p re s s io n  of th e  e s s e n t ia l  DNA r e p l ic a t io n  p r o te in s .
10. F u r th e r  Work
T h e  w o rk  p r e s e n t e d  in  t h i s  T h e s is  h a s  r a i s e d  s e v e r a l  i n t e r e s t i n g  
q u e s t io n s  w h ic h  i t  s h o u ld  now  b e  p o s s ib le  a p p r o a c h  e x p e r im e n ta l ly . 
T h e s e  in c lu d e :
1. A tte m p tin g  to  s e p a r a te  th e  h e lic a s e  a n d  p r im a s e  f u n c t io n s  of 
t h e  U L 5/U L 52 p r o te in  com plex  b y  s i t e - d i r e c t e d  m u ta g e n e s is ,  a n d  h e n c e  
p o s s ib ly  a s s ig n  r o le s  to  t h e  in d iv id u a l  s u b u n i t s .
2. I n v e s t ig a t io n  o f th e  r e q u i r e m e n ts  f o r  in te r a c t io n  o f t h e  com plex  
w ith  s in g l e - s t r a n d e d  DNA.
3. I n v e s t ig a t io n  o f p o s s ib le  f u n c t io n s  o f th e  UL8 p r o te in  a n d  in  
p a r t i c u l a r  i t s  r o le  in  f a c i l i ta t in g  n u c le a r  e n t r y .
4. I n v e s t ig a t io n  o f p o s s ib le  i n te r a c t io n s  o f th e  h e l ic a s e - p r im a s e  
com plex  w ith  o th e r  c o m p o n e n ts  o f th e  r e p l i c a t iv e  m a c h in e ry .
5. I n v e s t ig a t io n  o f w h e th e r  th e  h e lic a s e  a c t iv i ty  o f i n ta c t  UL9 
p r o te in  c a n  u n w in d  d u p le x  DNA a t  th e  HSV-1 o r ig in .
T h e s e  s tu d i e s  s h o u ld  c o n t r ib u te  to  o u r  u n d e r s t a n d in g  o f th e  f u n c t io n s  
o f th e  HSV-1 r e p l ic a t io n  p r o te in s  a n d  t h e i r  m e c h a n ism s  o f a c tio n . 
C om plete  r e s o lu t io n  o f t h e  f a c to r s  in v o lv e d  in  th e  r e p l ic a t io n  o f th e
117
HSV-1 genom e a n d  t h e i r  m ec h a n ism s  of a c tio n , h o w e v e r , p r o b a b ly  
a w a its  th e  d e v e lo p m e n t o f a  c e l l - f r e e  s y s te m  of HSV-1 o r ig in -  
d e p e n d e n t  DNA s y n th e s i s .
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1SUMMARY
We h a v e  c o n s t r u c t e d  v i r u s  r e c o m b i n a n t s  b a s e d  upon  t h e  h e r p e s  
s i m p l e x  v i r u s  t y p e  1 (HSV-1) m u t a n t  t sK  w h ic h  a r e  i n d i v i d u a l l y  
a b l e  t o  e x p r e s s  t h e  p r o d u c t s  o f  f o u r  v i r a l  DNA r e p l i c a t i o n  g e n e s  
(UL5, UL8, UL9 an d  ULS2) i n  t h e  a b s e n c e  o f  an y  o f  t h e  o t h e r  
p r o t e i n s  r e q u i r e d  f o r  v i r a l  DNA s y n t h e s i s .  T h e s e  v i r u s e s  h av e  
b e e n  u s e d  i n  im m u n o f lu o r e s c e n c e  e x p e r i m e n t s  t o  i n v e s t i g a t e  t h e  
c e l l u l a r  l o c a l i z a t i o n  o f  t h e  f o u r  e x p r e s s e d  r e p l i c a t i o n  p r o t e i n s .  
The r e s u l t s  d e m o n s t r a t e  t h a t  a l l  t h r e e  c o m p o n e n ts  o f  t h e  v i r a l  
h e l i c a s e - p r i m a s e  c o m p lex  (UL5, UL8 and  UL52 p r o t e i n s )  m u s t  be 
c o - e x p r e s s e d  t o  a l l o w  t h e i r  e f f i c i e n t  l o c a l i z a t i o n  t o  t h e  n u c l e u s .  
S i n c e  t h e  UL5 a n d  UL52 p r o t e i n s  t o g e t h e r  fo rm  a co m p le x  w h ich  i s  
e n z y m a t i c a l l y  i n d i s t i n g u i s h a b l e  from  a co m p lex  fo rm ed  from  a l l  
t h r e e  p r o t e i n s ,  a p o s s i b l e  r o l e  o f  t h e  UL8 p r o t e i n  may be in  
f a c i l i t a t i n g  n u c l e a r  u p t a k e .  The UL9 p r o t e i n  ( o r i g i n - b i n d i n g  
p r o t e i n )  e f f i c i e n t l y  e n t e r e d  t h e  c e l l  n u c l e u s  when e x p r e s s e d  
a l o n e .  B o th  UL9 p r o t e i n  a nd  t h e  t r i - p a r t i t e  h e l i c a s e - p r i m a s e  
co m p le x  e x h i b i t e d  p a t t e r n s  o f  f l u o r e s c e n c e  w h ich  r e s e m b le d  t h e  
p r e v i o u s l y  d e s c r i b e d  " p r e - r e p l i c a t i v e  s i t e s ” .
INTRODUCTION
H e r p e s  s i m p l e x  v i r u s  t y p e  1 (HSV-1) g e n e s  UL5 , UL8 , UL9,
UL29 , UL30 , UL42 , an d  UL52 e n c o d e  a  s e t  o f  s e v e n  p r o t e i n s  w h ich  
h a v e  e s s e n t i a l  r o l e s  i n  v i r a l  DNA r e p l i c a t i o n .  E ach  o f  t h e s e  
g e n e s  i d e n t i f i e s  a c o m p l e m e n t a t i o n  g r o u p  w hose  m em bers  e x h i b i t  
d e f e c t s  i n  v i r a l  DNA s y n t h e s i s  ( r e v i e w e d  by  C h a l l b e r g  & K e l l y ,
1989 ; W e l l e r ,  1 9 9 1 ) .  M o r e o v e r ,  i n  a  t r a n s i e n t  a s s a y  i n  
t r a n s f e c t e d  t i s s u e  c u l t u r e  c e l l s ,  t h e  s e v e n  g e n e s  a r e  b o t h  
n e c e s s a r y  a n d  s u f f i c i e n t  f o r  v i r a l  o r i g i n - d e p e n d e n t  DNA 
r e p l i c a t i o n  (Wu e t  a l . ,  1 988 ;  H e i l b r o n n  & z u r  H a u s e n ,  1 9 8 9 ) .
G enes  UL30 an d  UL42 e n c o d e  t h e  c a t a l y t i c  and  a c c e s s o r y  s u b u n i t s  o f  
t h e  v i r a l  DNA p o l y m e r a s e  ( G a l l o  e t  a l . ,  1 9 8 9 ;  H e r n a n d e z  & Lehman, 
1990 ; G o t t l i e b  e t  a l . ,  1 9 9 0 ) .  A s i n g l e - s t r a n d e d  DNA b i n d i n g  
p r o t e i n  i s  s p e c i f i e d  by  t h e  UL29 g e n e  ( W e l l e r  e t  a l . ,  1 9 8 3 ;  Q u inn  
& McGeoch, 1 9 8 5 ) ,  an d  t h e  p r o d u c t  o f  t h e  UL9 g e n e  b i n d s  t o  
s p e c i f i c  DNA s e q u e n c e s  w i t h i n  t h e  v i r a l  o r i g i n s  o f  r e p l i c a t i o n  
( O l i v o  e t  a l . ,  1 9 8 8 ;  W e ir  e t  a l . ,  1 9 8 9 ) .  The p r o t e i n s  e n c o d e d  by 
g e n e s  UL5 , UL8 , a n d  UL52 fo rm  a co m p lex  i n  HSV-1 i n f e c t e d  c e l l s  
w h ic h  e x h i b i t s  D N A -d epen den t  A TPase ,  D N A -d epen den t  G T P ase ,  DNA 
h e l i c a s e  a n d  DNA p r i m a s e  a c t i v i t i e s  ( C r u t e  e t  a l . ,  1 9 8 8 ;  1 9 8 9 ) .
The UL5, UL8, a n d  UL52 p r o t e i n s  h a v e  b e e n  e x p r e s s e d  by 
r e c o m b i n a n t  b a c u l o v i r u s e s  a n d  shown t o  a s s e m b l e  i n t o  a  f u n c t i o n a l  
co m p le x  i n  t r i p l y  i n f e c t e d  i n s e c t  c e l l s  (D odson  e t  a l . ,  1 9 8 9 ;  
C a l d e r  & S to w ,  1 9 9 0 ) .  A l th o u g h  no e n z y m a t i c  a c t i v i t y  h a s  b e e n  
a t t r i b u t e d  t o  an y  o f  t h e  i n d i v i d u a l  s u b u n i t s  o f  t h e  
h e l i c a s e - p r i m a s e  c o m p le x ,  i t  h a s  b e e n  shown t h a t  a  s u b - a s s e m b l y  o f  
t h e  UL5 an d  UL52 p r o t e i n s  fo rm e d  i n  d o u b l y  i n f e c t e d  i n s e c t  c e l l s  
e x h i b i t s  e a c h  o f  t h e  a c t i v i t i e s  a s s o c i a t e d  w i t h  t h e  UL5/UL8/UL52
3com p lex  ( C a l d e r  & S tow , 1 990 ;  Dodson & Lehman, 1 9 9 1 ) .  T h e r e f o r e ,  
d e s p i t e  i t s  w e l l  d o c u m e n te d  r e q u i r e m e n t  f o r  v i r a l  DNA s y n t h e s i s  
(Wu e t  a l . ,  1988 ; C a r m i c h a e l  and  W e l l e r ,  1 9 8 9 ) ,  no r o l e  c an  y e t  be 
a s s i g n e d  t o  t h e  UL8 p r o t e i n .
We p r e v i o u s l y  c o n s t r u c t e d  f o u r  r e c o m b i n a n t  v i r u s e s ,  tsK /U L 5 , 
tsK /U L 8 ,  tsK/UL9 an d  tsK /U L52 i n  w h ic h  a d d i t i o n a l  c o p i e s  o f  t h e  
UL5 , UL8 , UL9 o r  UL52 g e n e  h a d  b e e n  i n s e r t e d  i n t o  t h e  genome o f  
t h e  HSV-1 t e m p e r a t u r e - s e n s i t i v e  m u t a n t  t sK  u n d e r  t h e  c o n t r o l  o f  
t h e  im m e d ia te  e a r l y  (IE )  g e n e  3 p r o m o t e r  (W eir  e t  al . ,  1 9 8 9 ) .  At 
t h e  n o n - p e r m i s s i v e  t e m p e r a t u r e  tsK  a c c u m u l a t e s  IE  p o l y p e p t i d e s  b u t  
f a i l s  t o  i n d u c e  t h e  e x p r e s s i o n  o f  e a r l y  an d  l a t e  g e n e s  ( P r e s t o n ,  
1 97 9 ;  W atson  & C le m e n ts ,  1 9 8 0 ) .  U nder  t h e s e  c o n d i t i o n s  t h e  
r e c o m b i n a n t  v i r u s e s  o v e r - e x p r e s s  t h e  p r o d u c t  o f  t h e  i n s e r t e d  g en e  
b u t  do n o t  s y n t h e s i z e  any  o f  t h e  o t h e r  DNA r e p l i c a t i o n  p r o t e i n s  
s i n c e  t h e s e  r e m a in  u n d e r  t h e i r  n o rm a l  e a r l y  c o n t r o l .  I n  t h i s  
p a p e r  we r e p o r t  t h e  u s e  o f  t h e  r e c o m b i n a n t  v i r u s e s  t o  i n v e s t i g a t e  
w h e t h e r ,  i n  t h e  a b s e n c e  o f  o t h e r  DNA r e p l i c a t i o n  p r o t e i n s ,  t h e  
UL5, UL8, UL9, and  UL52 p r o t e i n s  l o c a l i z e  t o  t h e  n u c l e u s  o f  
mam malian  t i s s u e  c u l t u r e  c e l l s .  The r e s u l t s  s u g g e s t  t h a t  t h e  UL8 
p r o t e i n  may p l a y  a r o l e  i n  f a c i l i t a t i n g  e f f i c i e n t  n u c l e a r  e n t r y  o f  
t h e  h e l i c a s e - p r i m a s e  c o m p le x .
4METHODS
C e l l s  a nd  V i r u s e s
Baby h a m s t e r  k id n e y  21 c l o n e  13 (BHK) c e l l s  (M acP h erso n  & S t o k e r ,  
1962) w e re  grow n i n  E a g l e ' s  medium s u p p l e m e n t e d  w i t h  10% t r y p t o s e  
p h o s p h a t e  b r o t h  a n d  10% n ew born  c a l f  s e ru m .  The v i r u s e s  u s e d  w e re  
t h e  HSV-1 t e m p e r a t u r e  s e n s i t i v e  m u t a n t  t s K  ( P r e s t o n ,  1979) an d  
r e c o m b i n a n t  v i r u s e s  t sK /U L 5 ,  tsK /U L 8 ,  tsK/UL9 and  tsK /U L 52 (W eir  
e t  a l . ,  1 9 8 9 ) .  T h e s e  v i r u s e s  c o n t a i n  a d d i t i o n a l  c o p i e s  o f  t h e  
e a r l y  g e n e s  UL5 , UL8 , UL9 and  UL52 i n s e r t e d  u n d e r  t h e  c o n t r o l  o f  
t h e  im m e d ia te  e a r l y  ( IE )  g e n e  3 p r o m o t e r  w i t h i n  t h e  t h y m i d i n e  
k i n a s e  g e n e  o f  t s K ,  an d  w e re  c o n s t r u c t e d  u s i n g  a n  a p p r o a c h  s i m i l a r  
t o  t h a t  d e s c r i b e d  by Hummel e t  a l . ( 1 9 8 6 ) .  B r i e f l y ,  p l a s m i d  p 2 3 ,
a g i f t  o f  Dr C P r e s t o n ,  c o n t a i n s  a 361 bp f r a g m e n t  ( n u c l e o t i d e s  
1 3 1 7 5 9 -1 3 1 3 9 9 ;  McGeoch e t  a l . ,  1988a) s p e c i f y i n g  t h e  IE  g e n e  3 
p r o m o t e r ,  5 '  end  an d  u p s t r e a m  r e g u l a t o r y  s e g u e n c e s  i n s e r t e d  a t  
n u c l e o t i d e  47358 w i t h i n  t h e  TK g e n e  c o d i n g  r e g i o n  o f  t h e  HSV-1 
BamHI p  f r a g m e n t .  The i n s e r t e d  f r a g m e n t  i s  o r i e n t a t e d  s o  t h a t  
t r a n s c r i p t i o n  fro m  t h e  IE  g e n e  3 p r o m o te r  i s  i n  t h e  sam e d i r e c t i o n  
a s  t h e  TK g e n e ,  an d  t h e r e f o r e  t h e  TK g e n e  mRNA p r o c e s s i n g  s i g n a l s  
a r e  p o t e n t i a l l y  a v a i l a b l e  f o r  an y  t r a n s c r i p t  e x p r e s s e d  f ro m  t h e  
IE3 p r o m o t e r .  P l a s m i d  p23 c o n t a i n s  a  u n i q u e  Xhol s i t e  i m m e d i a t e l y  
d o w n s t r e a m  o f  t h e  IE3 p r o m o t e r  i n t o  w h ic h  w e re  i n s e r t e d ,  i n  t h e  
c o r r e c t  o r i e n t a t i o n ,  DNA f r a g m e n t s  c o n t a i n i n g  t h e  c o m p l e t e  UL5 ,
UL8 , UL9 arid UL52 ORFs. The f r a g m e n t s  i n s e r t e d  c o r r e s p o n d  t o  
n u c l e o t i d e s  1 5 1 6 6 -1 2 1 2 8 ,  2 0 4 9 2 -1 7 8 5 5 ,  2 3 5 4 2 -2 0 6 7 0  and  
1 0 8 9 6 9 -1 1 2 5 1 4  r e s p e c t i v e l y .  The r e c o m b i n a n t  p l a s m i d s  w e re  
c o - t r a n s f e c t e d  i n t o  BHK c e l l s  w i t h  i n t a c t  t s K  DNA an d  i n c u b a t e d  a t
5t h e  p e r m i s s i v e  t e m p e r a t u r e  ( 3 1 ° C ) . TK-  v i r u s  p r o g e n y  c o n t a i n i n g  
a d d i t i o n a l  c o p i e s  o f  t h e  UL5, UL8, CJL9 and  UL52 g e n e s  i n s e r t e d  
i n t o  t h e  TK l o c u s  w e re  e n r i c h e d  by g ro w th  i n  t h e  p r e s e n c e  o f  
100 Mg/ml b r o m o d e o x y c y t i d i n e  and  p u r i f i e d .  The s t r u c t u r e s  o f  t h e  
r e c o m b i n a n t  v i r u s  genom es w e re  c o n f i r m e d  by r e s t r i c t i o n  
e n d o n u c l e a s e  d i g e s t i o n  an d  S o u t h e r n  b l o t t i n g  u s i n g  a p p r o p r i a t e  
p r o b e s .  S t o c k s  o f  t h e  p a r e n t a l  v i r u s  t s K  a nd  t h e  r e s u l t i n g  
r e c o m b i n a n t  v i r u s e s  tsK /U L 5 ,  t sK /U L 8 ,  tsK /U L9 an d  tsK/UL52 w ere  
p r o p a g a t e d  i n  BHK c e l l s  a t  31®C.
P r e p a r a t i o n  an d  A n a l y s i s  o f  f35S l r o e t h i o n i n e - l a b e l l e d  p o l y p e p t i d e s  
BHK c e l l s  i n  t h e  15 mm d i a m e t e r  w e l l s  o f  m u l t i - w e l l  p l a t e s  
w e re  m o c k - i n f e c t e d  o r  i n f e c t e d  w i t h  10 p . f . u . / c e l l  o f  tsK  o r  t h e  
r e c o m b i n a n t  v i r u s e s  a nd  i n c u b a t e d  a t  3 8 .5 ° C  f o r  6 h .  The medium 
was t h e n  r e p l a c e d  w i t h  200 nl PBS c o n t a i n i n g  15 f±Ci [ 35S ] m e t h i o n i n e  
(Amersham; s p .  a c t .  >800 C i / m m o l ) . I n c u b a t i o n  was c o n t i n u e d  f o r  a 
f u r t h e r  2 . 5  h  a t  3 8 .5 ° C .  A t t h e  en d  o f  t h e  l a b e l l i n g  p e r i o d  t h e  
s u p e r n a t a n t  was rem ov ed  an d  t h e  c u l t u r e s  l y s e d  an d  h a r v e s t e d  a s  
d e s c r i b e d  by  M arsd e n  e t  al. ( 1 9 7 8 ) .  S a m p le s  w e re  a n a l y s e d  by 
e l e c t r o p h o r e s i s  t h r o u g h  an  S D S - p o l y a c r y l a m i d e  g e l  c o n t a i n i n g  9% 
a c r y l a m i d e  c r o s s - l i n k e d  w i t h  1 p a r t  i n  40 (w/w) N , N ' - m e t h y l e n e  
b i s a c r y l a m i d e .  G e l  f i x a t i o n ,  d r y i n g  an d  a u t o r a d i o g r a p h y  w ere  a s  
p r e v i o u s l y  d e s c r i b e d  (M arsd en  e t  al . ,  1 9 7 9 ) .
I m m u n o f lu o r e s c e n c e
S p a r s e  m o n o l a y e r s  o f  BHK c e l l s  (4 x 1 0 s c e l l s )  i n  35 mm p l a s t i c  
p e t r i  d i s h e s  w e re  i n f e c t e d  w i t h  107 p . f . u . / d i s h  o f  tsK  o r  e a c h  
r e c o m b i n a n t  v i r u s  a s  i n d i c a t e d  an d  i n c u b a t e d  a t  3 8 .5 ° C .  (B eca u se  
t h e  m o n o l a y e r s  w e re  o n l y  a p p r o x i m a t e l y  25% c o n f l u e n t  t h e  a c t u a l
6i n p u t  m u l t i p l i c i t y  f o r  e a c h  v i r u s  i s  l i k e l y  t o  h a v e  b e e n  l e s s  t h a n  
25 p . f . u . / c e l l ) . 9 h p o s t - i n f e c t i o n  t h e  c e l l s  w e re  w a sh e d  w i t h
PBS and  f i x e d  f o r  2 min w i t h  a 1 :1  m e t h a n o l / a c e t o n e  m i x t u r e .  The 
m o n o l a y e r s  w e re  f u r t h e r  w ashed  w i t h  PBS an d  a l l o w e d  t o  become 
a l m o s t  d r y .  A 50 m1 d r o p  o f  a 1 i n  30 d i l u t i o n  ( i n  PBS c o n t a i n i n g  
1% f o e t a l  c a l f  se rum ) o f  t h e  p r i m a r y  a n t i b o d y  was a p p l i e d  t o  a 
m arked  r e g i o n  i n  t h e  m i d d le  o f  t h e  d i s h .  The p r i m a r y  a n t i s e r a  
w e re  p r e p a r e d  i n  r a b b i t s  a g a i n s t  s y n t h e t i c  d e c a p e p t i d e s  f ro m  t h e  
C - t e r m i n i  o f  t h e  UL5, UL8, UL9 and  UL52 p r o t e i n s  ( O l i v o  e t  a l . ,
1989) an d  w e re  t h e  k i n d  g i f t  o f  Dr M D C h a l l b e r g .  A f t e r  1 h a t
room t e m p e r a t u r e ,  t h e  m o n o l a y e r s  w e re  w ash ed  f o u r  t i m e s  w i t h  PBS 
and  s i m i l a r l y  r e a c t e d  w i t h  a 1 i n  80 d i l u t i o n  o f  F I T C - c o n j u g a t e d  
g o a t  a n t i - r a b b i t  IgG ( S i g m a ) . The c e l l s  w e re  w a s h e d  o n c e  w i t h  10% 
s u c r o s e ,  0.5% NP40 i n  PBS and  f o u r  t i m e s  w i t h  PBS, a n d  e x a m in e d  
u s i n g  a L e i t z  UV f l u o r e s c e n c e  m i c r o s c o p e .  P h o t o g r a p h s  w e r e  t a k e n  
on T r i - X  Pan  400 f i l m  w i t h  25x o r  40x o b j e c t i v e  l e n s e s .  E x p o s u re  
t i m e s  and  p r i n t i n g  c o n d i t i o n s  w e re  k e p t  c o n s t a n t  f o r  a l l  t h e
s a m p le s  w i t h i n  an y  one  e x p e r i m e n t .
RESULTS
P o l y p e p t i d e  s y n t h e s i s  i n  c e l l s  i n f e c t e d  w i t h  tsK  r e c o m b i n a n t  
v i r u s e s
R e c o m b in a n t  v i r u s e s  i n  w h ich  a d d i t i o n a l  c o p i e s  o f  t h e  HSV-l 
r e p l i c a t i o n  g e n e s  UL5, UL8, UL9 and  UL52 h ad  b e e n  i n d i v i d u a l l y  
i n s e r t e d  u n d e r  i m m e d i a t e - e a r l y  c o n t r o l  i n t o  t h e  tsK  genome w ere  
g e n e r a t e d  a s  d e s c r i b e d  i n  M e th o d s .  A t t h e  NPT tsK  o v e r - e x p r e s s e s  
i m m e d i a t e - e a r l y  ( IE )  g e n e s ,  b u t ,  w i t h  t h e  e x c e p t i o n  o f  Vmwl36, t h e  
p r o d u c t  o f  " p s u e d o - I E "  g e n e  UL39 (Wymer e t  a l . ,  1 9 8 9 ) ,  d o e s  n o t  
s y n t h e s i z e  an y  o f  t h e  r e m a i n i n g  e a r l y  o r  l a t e  v i r a l  p r o t e i n s  
( P r e s t o n ,  1 9 7 9 ) .  S i n c e  UL5, UL8 , UL9 and  UL52 a r e  a l l  e a r l y  g e n e s  
( O l i v o  e t  al . ,  1 9 8 9 ) ,  t h e  c o p i e s  i n s e r t e d  u n d e r  IE  c o n t r o l ,  b u t  
n o t  t h e  n o r m a l l y  r e g u l a t e d  r e s i d e n t  c o p i e s ,  s h o u l d  be e x p r e s s e d  a t  
NPT.
The p o l y p e p t i d e s  s y n t h e s i z e d  a t  3 8 .5 ° C  i n  m o c k - i n f e c t e d  BHK 
c e l l s  o r  c e l l s  i n f e c t e d  w i t h  tsK  o r  t h e  f o u r  r e c o m b in a n t  v i r u s e s  
t s K /U L 5 , t sK /U L 8 ,  tsK/UL9 o r  tsK/UL52 w ere  l a b e l l e d  an d  a n a l y s e d  
a s  d e s c r i b e d  i n  M e th o d s .  F i g u r e  1 d e m o n s t r a t e s  t h a t  i n  a d d i t i o n  
t o  t h e  m a j o r  v i r a l  p o l y p e p t i d e s  d e t e c t e d  i n  t s K - i n f e c t e d  c e l l s  (IE  
p r o t e i n s  Vmwl75, VmwllO, Vmw68 and  Vmw63 p l u s  Vmwl36), t h e  
r e c o m b i n a n t  v i r u s e s  e a c h  p r o d u c e  a  s i n g l e  n o v e l  s p e c i e s .  S e v e r a l  
o b s e r v a t i o n s  c o n f i r m  t h e s e  n o v e l  p r o t e i n s  t o  be t h e  p r o d u c t s  o f  
t h e  i n s e r t e d  UL5, UL8, UL9 and  UL52 ORFs. F i r s t ,  t h e i r  a p p a r e n t  
m o l e c u l a r  w e i g h t s  a p p r o x i m a t e  t o  t h e  v a l u e s  o f  987 10 ,  799 21 ,  94246 
and  1 1 4 ,4 1 6  p r e d i c t e d  from  DNA s e q u e n c e  d a t a  f o r  t h e  UL5, UL8, UL9 
and  UL52 p r o t e i n s ,  r e s p e c t i v e l y  (McGeoch e t  al . ,  1 9 8 8 b ) .  S econ d ,  
t h e  p r o t e i n s  c o - m i g r a t e  on g e l s  w i t h  t h e  p r o d u c t s  e x p r e s s e d  from 
t h e  same ORFs i n  b a c u l o v i r u s  v e c t o r s  ( u n p u b l i s h e d  r e s u l t s ) .
8T h i r d ,  t h e y  r e a c t  w i t h  a n t i s e r a  r a i s e d  a g a i n s t  p e p t i d e s  p r e d i c t e d  
from  t h e  DNA s e q u e n c e  o f  t h e  ORFs ( i m m u n o f lu o r e s c e n c e  d a t a  
p r e s e n t e d  i n  t h i s  p a p e r ,  an d  u n p u b l i s h e d  r e s u l t s  o f  
i m m u n o p r e c i p i t a t i o n  e x p e r i m e n t s ^ .
Im m u n o f l u o r e s c e n c e  s t u d i e s  on t h e  UL5. UL8 and  UL52 p r o t e i n s  
s y n t h e s i z e d  by r e c o m b i n a n t  v i r u s e s
The a b i l i t y  o f  t h e  t s K  r e c o m b i n a n t  v i r u s e s  t o  s y n t h e s i z e  t h e  
UL5, UL8, UL9 and  UL52 p r o t e i n s  a t  NPT a l l o w e d  e x a m i n a t i o n  o f  
t h e i r  l o c a l i z a t i o n  i n  a  c e l l  l i n e  p e r m i s s i v e  f o r  HSV-1 r e p l i c a t i o n  
when e x p r e s s e d  i n  i s o l a t i o n  f ro m  t h e  o t h e r  DNA r e p l i c a t i o n  
p r o t e i n s .  B e c a u s e  t h e  UL5, UL8 an d  UL52 p r o t e i n s  e x i s t  a s  a 
c o m p le x  i n  HSV-1 i n f e c t e d  c e l l s  we a l s o  p e r f o r m e d  e x p e r i m e n t s  
e x p r e s s i n g  t h e s e  p r o t e i n s  e i t h e r  i n d i v i d u a l l y  o r  i n  a l l  p o s s i b l e  
c o m b i n a t i o n s  an d  e x a m in e d  t h e  c e l l u l a r  l o c a t i o n  o f  t h e  e x p r e s s e d  
p r o t e i n s  by  i m m u n o f lu o r e s c e n c e .
The r e s u l t s  f o r  s i n g l e  i n f e c t i o n s  a r e  shown i n  F i g u r e  2 .  
R e p l i c a t e  s e t s  o f  s p a r s e  m o n o l a y e r s  o f  BHK c e l l s  w e re  i n f e c t e d  a t  
NPT w i t h  t s K ,  tsK /U L 5 ,  tsK/UL8 o r  tsK/UL52 and  s u b s e q u e n t l y  
p r o c e s s e d  a s  d e s c r i b e d  i n  M e th o d s .  One s e t  was r e a c t e d  w i t h  
a n t i - U L 5  a n t i b o d y  ( p a n e l s  a - d ) , a  s e c o n d  s e t  w i t h  a n t i - U L 8  
a n t i b o d y  ( p a n e l s  e - h )  an d  a  t h i r d  w i t h  a n t i - U L 5 2  a n t i b o d y  
( p a n e l s  i —1 ) .  F o l l o w i n g  i n c u b a t i o n  w i t h  F I T C - c o n j u g a t e d  g o a t  
a n t i - r a b b i t  IgG t h e  c e l l s  w e re  e x a m in e d  by  UV f l u o r e s c e n c e  
m i c r o s c o p y .  The a n t i - U L 5  a n t i b o d y  g a v e  a weak b a c k g r o u n d  s t a i n i n g  
w i t h  t h e  tsK, tsK/UL8 an d  tsK/UL52 i n f e c t e d  c e l l s  ( p a n e l s  a ,  c 
and  d) b u t  a  much b r i g h t e r  c y t o p l a s m i c  f l u o r e s c e n c e  was a p p a r e n t  
i n  t h e  c e l l s  i n f e c t e d  w i t h  r e c o m b i n a n t  tsK /U L5 ( p a n e l  b ) . 
S i m i l a r l y ,  t h e  a n t i - U L 5 2  a n t i b o d y  r e a c t e d  s p e c i f i c a l l y  w i t h  c e l l s
9i n f e c t e d  w i t h  tsK/UL52 r e v e a l i n g  a  b r i g h t  c y t o p l a s m i c  f l u o r e s c e n c e  
( p a n e l  1 ) .  The p a t t e r n  o b s e r v e d  was more d i s c r e t e  t h a n  i n  
p a n e l  b ,  and  d i s t i n c t ,  p r e d o m i n a n t l y  p e r i n u c l e a r ,  f o c i  w ere  
a p p a r e n t  i n  t h e  m a j o r i t y  o f  c e l l s .  The r e s u l t  was l e s s  c l e a r - c u t  
w i t h  t h e  a n t i - U L 8  a n t i b o d y  b u t  n e v e r t h e l e s s  a  s l i g h t l y  i n c r e a s e d  
i n t e n s i t y  o f  f l u o r e s c e n c e  was a p p a r e n t  i n  t h e  tsK/UL8 i n f e c t i o n  
( p a n e l  g ) . The s p e c i f i c i t y  o f  t h e  r e a c t i o n  b e tw e e n  t h e  a n t i - U L 8  
a n t i b o d y  a n d  tsK/UL8 i n f e c t e d  c e l l s  i s  a l s o  d e m o n s t r a t e d  i n  
F i g u r e  3 ,  p a n e l s  f  a nd  g .  T h e s e  r e s u l t s  t h e r e f o r e  i n d i c a t e  t h a t  
t h e  a n t i - U L 5 ,  a n t i - U L 8  a n d  a n t i - U L 5 2  a n t i b o d i e s  a r e  e a c h  c a p a b l e  
o f  s p e c i f i c a l l y  d e t e c t i n g  t h e  c o r r e s p o n d i n g  g e n e  p r o d u c t  i n  c e l l s  
i n f e c t e d  w i t h  t h e  t s K  r e c o m b i n a n t  v i r u s e s .  F u r t h e r m o r e ,  t h e y  
d e m o n s t r a t e  t h a t  t h e  UL5, UL8 a n d  UL52 p r o t e i n s ,  when e x p r e s s e d  
i n d i v i d u a l l y  i n  t h e  a b s e n c e  o f  an y  o t h e r  HSV-1 DNA r e p l i c a t i o n  
p r o t e i n ,  d o  n o t  l o c a l i z e  t o  t h e  c e l l  n u c l e u s ,  t h e  s i t e  o f  v i r a l  
DNA s y n t h e s i s  (R ix o n  e t  al . ,  1983) an d  t h e  l o c a t i o n  o f  t h e s e  
p r o t e i n s  d u r i n g  t h e  n o rm a l  c o u r s e  o f  HSV-1 i n f e c t i o n  (O l i v o  
e t  al . ,  1 9 8 9 ) .  I n  a d d i t i o n a l  e x p e r i m e n t s ,  w h ic h  s e r v e  a s  c o n t r o l s  
f o r  t h e  m ix ed  i n f e c t i o n s  d e s c r i b e d  b e lo w ,  i t  was fo u n d  t h a t  
i n c r e a s i n g  t h e  v i r u s  in o c u lu m  t w o -  o r  t h r e e - f o l d  d i d  n o t  
s i g n i f i c a n t l y  a f f e c t  e i t h e r  t h e  p a t t e r n  o r  i n t e n s i t y  o f  
f l u o r e s c e n t  s t a i n i n g  ( d a t a  n o t  s h o w n ) .
To i n v e s t i g a t e  w h e t h e r  c o - e x p r e s s i o n  o f  t h e  UL5, UL8 an d  UL52 
p r o t e i n s  a f f e c t e d  c e l l u l a r  l o c a l i z a t i o n ,  m i x e d ly  i n f e c t e d  c e l l s  
w e re  s i m i l a r l y  e x a m in e d  by i m m u n o f lu o r e s c e n c e  m i c r o s c o p y .  The 
r e s u l t s  a r e  shown i n  F i g u r e  3 .  UL5 p r o t e i n  was p r e d o m i n a n t l y  
c y t o p l a s m i c  when e x p r e s s e d  a l o n e  o r  i n  c o m b i n a t i o n  w i t h  UL8 
p r o t e i n  ( p a n e l s  b a nd  c ) . I n  t h e  p r e s e n c e  o f  UL52 p r o t e i n  a 
s l i g h t l y  i n c r e a s e d  p r o p o r t i o n  a p p e a r e d  t o  e n t e r  t h e  n u c l e u s
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( p a n e l  d ) , b u t  o n l y  i n  t h e  p r e s e n c e  o f  b o t h  UL8 an d  UL52 p r o t e i n s  
was e f f i c i e n t  l o c a l i z a t i o n  t o  t h e  n u c l e u s  d e t e c t e d  ( p a n e l  e ) . 
S i m i l a r l y ,  c o - e x p r e s s i o n  o f  a l l  t h r e e  p r o t e i n s  was n e c e s s a r y  f o r  
e f f i c i e n t  n u c l e a r  l o c a l i z a t i o n  o f  t h e  UL8 an d  UL52 p r o t e i n s  
( p a n e l s  j  and  o ) . The UL8 p r o t e i n ,  h o w e v e r ,  a p p e a r e d  t o  e x h i b i t  a 
s m a l l  i n c r e a s e  i n  n u c l e a r  u p t a k e  i n  t h e  p r e s e n c e  o f  UL52 a l o n e ,  
and t h e  UL52 p r o t e i n  e x h i b i t e d  a s i m i l a r  r e s p o n s e  i n  t h e  p r e s e n c e  
o f  e i t h e r  UL5 o r  UL8 ( p a n e l s  i ,  m a n d  n ) . T h e s e  r e s u l t s  i n d i c a t e  
a m u t u a l  d e p e n d e n c e  a m o n g s t  t h e  UL5, UL8 an d  UL52 p r o t e i n s  f o r  
f u l l y  e f f i c i e n t  n u c l e a r  l o c a l i z a t i o n ,  s u g g e s t i n g  t h a t  t h e y  may be 
t r a n s p o r t e d  i n t o  t h e  n u c l e u s  a s  a c o m p le x .  I n  c e l l s  c o - e x p r e s s i n g  
UL52 an d  e i t h e r  UL5 o r  UL8 t h e r e  a p p e a r e d  t o  be  a  s m a l l  
e n h a n c e m e n t  o f  n u c l e a r  u p t a k e  o f  b o t h  p r o t e i n s ,  a l t h o u g h  t h i s  may 
r e f l e c t  t h e  p r e s e n c e  o f  p r o t e i n  w h ic h  i s  on  t h e  s u r f a c e  r a t h e r  
t h a n  i n s i d e  t h e  n u c l e u s .  The o b s e r v a t i o n  i s  n e v e r t h e l e s s  
c o n s i s t e n t  w i t h  some fo rm  o f  i n t e r a c t i o n  b e tw e e n  t h e s e  p a i r s  o f  
p o l y p e p t i d e s  i n  t h e  d o u b l y  i n f e c t e d  c e l l s .
C e l l u l a r  l o c a l i z a t i o n  o f  t h e  UL9 p o l y p e p t i d e
R e c o m b in a n t  v i r u s  tsK /U L9 was s i m i l a r l y  u s e d  t o  d e t e r m i n e  t h e  
c e l l u l a r  l o c a l i z a t i o n  o f  t h e  UL9 p o l y p e p t i d e  when e x p r e s s e d  i n  t h e  
a b s e n c e  o f  o t h e r  HSV-1 DNA r e p l i c a t i o n  p r o t e i n s .  S p a r s e  
m o n o l a y e r s  o f  BHK c e l l s  w e re  i n f e c t e d  a t  NPT w i t h  t s K ,  tsK /U L 9 o r  
a c o m b i n a t i o n  o f  t sK /U L 5 ,  tsK /UL8 a n d  ts K /U L 5 2 .  D u p l i c a t e  p l a t e s  
w ere  s t a i n e d  w i t h  e i t h e r  a n t i - U L 9  a n t i b o d y  o r  a n t i - U L 5 2  a n t i b o d y  
and ex a m in e d  by im m u n o f l u o r e s c e n c e .  The r e s u l t s  a r e  show n i n  
F i g u r e  4 .  The a n t i - U L 9  a n t i b o d y  r e a c t e d  e f f i c i e n t l y  w i t h  o n l y  t h e  
tsK/UL9 i n f e c t e d  c e l l s  ( p a n e l  b ) , d e m o n s t r a t i n g  t h e  s p e c i f i c i t y  o f  
t h e  a n t i b o d y  f o r  t h e  UL9 p o l y p e p t i d e ,  an d  r e v e a l e d  s p e c i f i c
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l o c a l i z a t i o n  o f  t h e  UL9 p r o t e i n  w i t h i n  t h e  n u c l e u s .  The c e l l s  
e x h i b i t e d  a s p e c k l e d  s t a i n i n g  p a t t e r n  w i t h  d i s t i n c t  f o c i  w h ich  was 
v e r y  s i m i l a r  t o  t h e  p a t t e r n  e x h i b i t e d  by UL52 p r o t e i n  i n  t h e  
t r i p l y  i n f e c t e d  c e l l s  ( p a n e l  f ) .  T h i s  r e s u l t  i n d i c a t e s  t h a t  t h e  
UL9 p r o t e i n ,  i n  c o n t r a s t  t o  t h e  i n d i v i d u a l l y  e x p r e s s e d  UL5, UL8 
an d  UL52 p r o t e i n s ,  e f f i c i e n t l y  e n t e r s  t h e  n u c l e u s  i n  t h e  a b s e n c e  
o f  any  o t h e r  v i r a l  DNA r e p l i c a t i o n  p r o t e i n .
DISCUSSION
We h a v e  u t i l i s e d  t e m p e r a t u r e - s e n s i t i v e  HSV-1 r e c o m b i n a n t  
v i r u s e s  t o  s t u d y  t h e  l o c a l i z a t i o n  o f  f o u r  v i r a l  DNA r e p l i c a t i o n  
p r o t e i n s  UL5, UL8, UL9 an d  UL52 i n  a  c e l l  t y p e  p e r m i s s i v e  f o r  
v i r u s  g r o w t h .  The p a r e n t a l  v i r u s ,  t s K  , i s  v e r y  t i g h t l y  b lo c k e d  
a t  t h e  IE  s t a g e  o f  i n f e c t i o n  ( P r e s t o n ,  19 7 9 ;  W atso n  & C le m e n t s ,  
1 9 8 0 ) ,  and  t h e  r e c o m b i n a n t s  d i f f e r  f ro m  i t  a t  t h e  n o n - p e r m i s s i v e  
t e m p e r a t u r e  (NPT) o n l y  by  a d d i t i o n a l l y  e x p r e s s i n g  t h e  p r o d u c t s  o f  
t h e  i n s e r t e d  g e n e s .  The o b s e r v a t i o n  t h a t  HSV-1 IE  p r o t e i n s  a r e  
d i s p e n s a b l e  f o r  v i r a l  DNA s y n t h e s i s  i n  t r a n s f e c t e d  c e l l s  
( H e i l b r o n n  & z u r  H a u s e n ,  1989) f u r t h e r  s u g g e s t s  t h a t  t h e  p r o t e i n s  
e x p r e s s e d  by t s K  a t  NPT a r e  u n l i k e l y  t o  h a v e  an  i m p o r t a n t  r o l e  i n  
d e t e r m i n i n g  t h e  l o c a l i z a t i o n  o f  t h e  v i r a l  DNA r e p l i c a t i o n  
p r o t e i n s .  Our r e s u l t s  show t h a t  o f  t h e  UL5, UL8, UL9 a n d  UL52 
p r o t e i n s  o n l y  UL9, when i n d i v i d u a l l y  e x p r e s s e d ,  i s  a b l e  t o  e n t e r  
t h e  c e l l  n u c l e u s .  N u c l e a r  u p t a k e  o f  t h e  UL9 p r o t e i n  t h e r e f o r e  
a p p e a r s  t o  b e  i n d e p e n d e n t  o f  a n y  o f  t h e  o t h e r  c o m p o n e n t s  o f  t h e  
v i r a l  DNA r e p l i c a t i o n  m a c h i n e r y ,  a n d  i t  i s  q u i t e  l i k e l y  t h a t  t h e  
UL9 p o l y p e p t i d e  c o n t a i n s  a  s p e c i f i c  n u c l e a r  l o c a l i z a t i o n  s e q u e n c e  
( r e v i e w e d  by S i l v e r ,  1 9 9 1 ) .
I n  HSV-1 i n f e c t e d  c e l l s  t h e  UL5, UL8 a n d  UL52 p r o t e i n s  
i n t e r a c t  t o  fo rm  t h e  v i r a l  h e l i c a s e - p r i m a s e  c o m p le x  ( C r u t e  e t  al . ,
1 9 8 9 ) ,  and  o u r  r e s u l t s  d e m o n s t r a t e  t h a t  a l l  t h r e e  p r o t e i n s  o f  t h e  
c o m p le x  m u s t  be  p r e s e n t  t o  a l l o w  e f f i c i e n t  n u c l e a r  u p t a k e  o f  a n y  
o n e .  The m o s t  p r o b a b l e  e x p l a n a t i o n ' i s  t h a t  t h e  t h r e e  p r o t e i n s  
i n t e r a c t  i n  t h e  c y t o p l a s m  t o  fo rm  a  c o m p le x  w h ic h  p r e s e n t s  a 
s i g n a l  f o r  n u c l e a r  l o c a l i z a t i o n  w h ic h  i s  n o t  r e c o g n i z a b l e  on  an y  
o f  t h e  i n d i v i d u a l  s u b u n i t s .  T h i s  c o u l d  p o t e n t i a l l y  b e  p r e s e n t  on
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o ne  o f  t h e  s u b u n i t s  b u t  m a s k e d ,  o r  i n  an  i n a p p r o p r i a t e  
c o n f o r m a t i o n  u n t i l  c om p lex  f o r m a t i o n  o c c u r s .  A l t e r n a t i v e l y ,  t h e  
r e c o g n i z e d  s i g n a l  may b e  d i s t r i b u t e d  o v e r  m ore  t h a n  on e  s u b u n i t .  
The e l e c t r o p h o r e t i c  m o b i l i t i e s  o f  t h e  UL5, UL8 a n d  UL52 p r o t e i n s  
d i d  n o t  d i f f e r  b e tw e e n  s i n g l y  an d  t r i p l y  i n f e c t e d  c e l l s  ( d a t a  n o t  
shown) s u g g e s t i n g  t h a t  p o s t - t r a n s l a t i o n a l  p o l y p e p t i d e  p r o c e s s i n g  
i s  u n l i k e l y  t o  h a v e  a d e t e r m i n i n g  r o l e  i n  n u c l e a r  t r a n s p o r t .
R e c e n t  e x p e r i m e n t s  i n  w h ic h  t h e  UL5, UL8, an d  UL52 p r o t e i n s  
w ere  e x p r e s s e d  i n  v a r i o u s  c o m b i n a t i o n s  i n  i n s e c t  c e l l s  u s i n g  
r e c o m b i n a n t  b a c u l o v i r u s e s  h a v e  d e m o n s t r a t e d  t h a t  t h e  UL5 an d  UL52 
p r o t e i n s  t o g e t h e r  c a n  fo rm  a c o m p le x  w h ic h  e x h i b i t s  a l l  t h e  
e n z y m a t i c  a c t i v i t i e s  a s s o c i a t e d  w i t h  t h e  UL5/UL8/UL52 c om plex  
fo u n d  i n  HSV-1 i n f e c t e d  c e l l s  ( C a l d e r  & S to w ,  1 9 9 0 ;  Dodson & 
Lehman, 1 9 9 1 ) .  M o re o v e r ,  t h e  UL5/UL8/UL52 an d  UL5/UL52 c o m p le x e s  
p u r i f i e d  f ro m  i n f e c t e d  i n s e c t  c e l l s  a r e  v i r t u a l l y  
i n d i s t i n g u i s h a b l e  i n  t h e i r  e n z y m a t i c  p r o p e r t i e s  (Dodson &.Lehman, 
1 9 9 1 ) .  E x p e r im e n t s  u s i n g  t h e  t s K  r e c o m b i n a n t  v i r u s e s  y i e l d e d  
r e s u l t s  v e r y  s i m i l a r  t o  t h o s e  r e p o r t e d  p r e v i o u s l y  f o r  t h e  
r e c o m b i n a n t  b a c u l o v i r u s e s  ( C a l d e r  & S tow , 1990) i n  s o  f a r  a s  
f o r m a t i o n  o f  a  com p lex  w i t h  a n  a s s o c i a t e d  DNA d e p e n d e n t  ATPase 
a c t i v i t y  o c c u r r e d  i n  c e l l s  c o - e x p r e s s i n g  e i t h e r  t h e  UL5 a n d  UL52 
o r  t h e  UL5, UL8 and  UL52 p r o t e i n s  ( J  C a l d e r  & N S to w ,  u n p u b l i s h e d  
o b s e r v a t i o n s ) . S i n c e  t h e  UL8 p r o t e i n  i s  e s s e n t i a l  f o r  v i r a l  DNA 
s y n t h e s i s  (Wu e t  al . ,  1 9 8 8 ;  C a r m i c h a e l  & W e l l e r ,  1989) t h e s e  d a t a  
r a i s e  t h e  q u e s t i o n  o f  i t s  f u n c t i o n .  Our im m u n o f lu o r e s c e n c e  
r e s u l t s  s u g g e s t  t h a t  an  i m p o r t a n t  r o l e  o f  t h e  UL8 p r o t e i n  may be  
t o  f a c i l i t a t e  e n t r y  i n t o  t h e  n u c l e u s  o f  t h e  e n z y m a t i c a l l y  a c t i v e  
s u b u n i t s  ( i e  t h e  UL5 an d  UL52 p r o t e i n s ) . T h i s ,  h o w e v e r ,  seem s 
r a t h e r  u n l i k e l y  t o  be  i t s  s o l e  f u n c t i o n ,  s i n c e  n u c l e a r  t a r g e t t i n g
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o f  p r o t e i n s  i s  r e a d i l y  a c h i e v a b l e  w i t h  s i g n a l s  c o n s i s t i n g  o f  s h o r t  
s e q u e n c e s  r e l a t i v e l y  r i c h  i n  b a s i c  am ino  a c i d s  ( r e v i e w e d  by 
S i l v e r ,  1 9 9 1 ) .  The UL8 p r o t e i n  m i g h t  a l s o  be  i n v o l v e d  i n  
i n t e r a c t i n g  w i t h  o t h e r  c o m p o n e n ts  o f  t h e  r e p l i c a t i v e  m a c h i n e r y  (eg  
t h e  o r i g i n - b i n d i n g  p r o t e i n  o r  t h e  v i r a l  DNA p o l y m e r a s e )  o r  
m o d u l a t i n g  t h e  h e l i c a s e  an d  p r i m a s e  a c t i v i t i e s  o n  t h e i r  n a t u r a l  
t e m p l a t e ,  t h e  v i r a l  genom e. I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  
a l t h o u g h  E p s t e i n - B a r r  v i r u s  an d  human c y t o m e g a l o v i r u s  (human 
h e r p e s v i r u s e s  b e l o n g i n g  t o  t h e  gamma- and  b e t a - h e r p e s v i r u s  
s u b f a m i l i e s ,  r e s p e c t i v e l y )  e n c o d e  o b v i o u s  h o m o lo g u e s  o f  t h e  HSV-1 
UL5 a n d  UL52 p r o t e i n s ,  t h e y  do  n o t  c o n t a i n  ORFs sh o w in g  
s i g n i f i c a n t  hom ology  t o  UL8 (McGeoch e t  al . ,  1 9 8 8 b ;  C hee e t  al.,
1 9 9 0 ) .  W h e th e r ,  i n  t h e s e  v i r u s e s ,  t h e  UL8 ho m o lo g u e  h a s  d i v e r g e d  
t o  s u c h  an  e x t e n t  a s  t o  be  u n r e c o g n i z a b l e ,  o r  w h e t h e r  i t s  f u n c t i o n  
i s  p e r f o r m e d  by a n o t h e r  v i r a l  p r o t e i n  ( i n c l u d i n g  p o s s i b l y  t h e  UL5 
a n d / o r  UL52 h o m o log ue)  o r  a  h o s t  f a c t o r  i s  n o t  known.
When e x p r e s s e d  u s i n g  t h e  t s K  r e c o m b i n a n t  v i r u s e s  t h e  UL9 
p r o t e i n  a n d  t h e  UL5/UL8/UL52 co m p lex  e x h i b i t e d  s i m i l a r  n u c l e a r  
s t a i n i n g  p a t t e r n s  i n  w h ic h  p r o t e i n  w as d e t e c t e d  i n  q u i t e  n um ero u s  
s m a l l  f o c i  ( F i g u r e  4 ) .  T h i s  p a t t e r n  r e s e m b l e s  t h e  a r r a n g e m e n t  o f  
o f  " p r e - r e p l i c a t i v e  s i t e s "  t o  w h ic h  t h e  UL29 p r o d u c t ,  t h e  m a j o r  
DNA b i n d i n g  p r o t e i n ,  l o c a l i z e s  when v i r a l  DNA s y n t h e s i s  i s  b lo c k e d  
by t h e  a d d i t i o n  o f  p h o s p h o n o a c e t i c  a c i d  ( Q u in l a n  e t  a l . ,  1 9 8 4 ) .  
When v i r a l  DNA s y n t h e s i s  i s  p e r m i t t e d  UL29 p r o t e i n  m i g r a t e s  t o  t h e  
l a r g e r  r e p l i c a t i o n  c o m p a r tm e n t s  w h e re  v i r a l  genome r e p l i c a t i o n  
o c c u r s  (R ix o n  e t  al., 1 9 8 3 ;  Q u i n l a n  e t  al., 1 9 8 4 ) .  R e p l i c a t i n g  
h o s t  c e l l  DNA an d  a  num ber o f  h o s t  c e l l  p r o t e i n s  h a v e  a l s o  b e e n  
shown t o  r e l o c a t e  t o  t h e  p r e - r e p l i c a t i v e  s i t e s  o r  r e p l i c a t i o n  
c o m p a r tm e n ts  f o l l o w i n g  i n f e c t i o n  w i t h  HSV-l (d e  B ru y n  Kops &
K n ip e ,  1988 ;  W ilc o c k  & L a n e ,  1 9 9 1 ) .  M o r e o v e r ,  UL29 p r o t e i n  
e x p r e s s e d  f ro m  a t r a n s f e c t e d  p l a s m i d  e x h i b i t s  t h e  " p r e - r e p l i c a t i v e  
s i t e "  p a t t e r n  ( Q u in l a n  & K n ip e ,  1 9 8 5 ) ,  s u g g e s t i n g  t h a t  t h i s  
p r o t e i n  may p l a y  a n  i m p o r t a n t  r o l e  i n  o r g a n i z i n g  t h e  v i r a l  
r e p l i c a t i v e  m a c h i n e r y  and  d e t e r m i n i n g  t h e  s i t e s  a t  w h ich  v i r a l  
genome r e p l i c a t i o n  w i l l  o c c u r  ( r e v i e w e d  by  K n ip e ,  1 9 8 9 ) .  F u r t h e r  
e x p e r i m e n t s  a r e  n e c e s s a r y  t o  d e t e r m i n e  w h e t h e r  t h e  s i t e s  t o  w h ich  
t h e  UL9 p r o t e i n  an d  t h e  h e l i c a s e - p r i m a s e  c o m p le x  l o c a l i z e  a r e  t h e  
sam e , and  w h e t h e r  t h e y  a r e  f u n c t i o n a l l y  e q u i v a l e n t  t o  t h e  
p r e - r e p l i c a t i v e  s i t e s  d e f i n e d  by t h e  p r e s e n c e  o f  UL29 p r o t e i n .  
A l th o u g h  r e c e n t  s t u d i e s  s u g g e s t  t h a t  t h e  p r e s e n c e  o f  f u n c t i o n a l  
UL29 p r o t e i n  i s  i m p o r t a n t  f o r  s p e c i f i c  l o c a l i z a t i o n  o f  t h e  UL42 
p r o t e i n  a nd  v i r a l  DNA p o l y m e r a s e  ( G o o d r i c h  e t  al, 1990; Bush 
e t  al , 1 9 9 1 ) ,  i t  i s  p o s s i b l e  t h a t  o t h e r  HSV-1 r e p l i c a t i o n  p r o t e i n s  
may h a v e  a n  i n t r i n s i c  a b i l i t y  t o  l o c a t e  t o  a p p r o p r i a t e  s i t e s .  I t  
may a l s o  be  p o s s i b l e  t o  e x t e n d  t h e  a p p r o a c h e s  u s e d  in  t h i s  p a p e r  
i n  o r d e r  t o  e l u c i d a t e  t h e  minimum r e q u i r e m e n t  o f  v i r a l  p r o t e i n s  
f o r  t h e  i n t r a n u c l e a r  r e d i s t r i b u t i o n  o f  r e p l i c a t i n g  h o s t  c e l l  DNA 
a n d  h o s t  p r o t e i n s  d e s c r i b e d  a b o v e .
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P o l y p e p t i d e  s y n t h e s i s  i n  c e l l s  i n f e c t e d  w i t h  t h e  r e c o m b i n a n t  
v i r u s e s .  P o l y p e p t i d e s  s y n t h e s i z e d  a t  NPT i n  m o c k - i n f e c t e d  (MI)
BHK c e l l s  o r  c e l l s  i n f e c t e d  w i t h  tsK  ( K ) , tsK /U L 5 ( 5 ) ,  
tsK/UL8 ( 8 ) ,  tsK /UL9 ( 9 ) ,  tsK /U L52 (52) w e re  l a b e l l e d  and  a n a l y s e d  
a s  d e s c r i b e d  i n  M e th o d s .  The t s K - i n d u c e d  p o l y p e p t i d e s  (Vmwl7 5, 
Vmwl36, VmwllO, Vmw68 a nd  Vmw63) a r e  i n d i c a t e d .  N ovel  
p o l y p e p t i d e s  s y n t h e s i z e d  by t h e  r e c o m b i n a n t  v i r u s e s  a r e  m arked  
w i t h  a r r o w h e a d s .
F i g u r e  2
Im m u n o f l u o r e s c e n c e  m i c r o s c o p y  o f  BHK c e l l s  i n f e c t e d  w i t h  
r e c o m b i n a n t  v i r u s e s  e x p r e s s i n g  t h e  UL5, UL8 o r  UL52 p r o t e i n s .
C e l l s  w e re  i n f e c t e d  w i t h  tsK  ( p a n e l s  a ,  e ,  i ), tsK /U L5 (b ,  f ,  j ) ,  
tsK/UL8 ( c ,  g ,  k) o r  tsK /U L52 (d ,  h ,  1) and  p r o c e s s e d  a s  d e s c r i b e d  
i n  M e th o d s .  The p r i m a r y  a n t i b o d i e s  u s e d  w e re  a n t i - U L 5  ( a - d ) , 
a n t i - U L 8  ( e - h )  and  a n t i - U L 5 2  ( i - 1 ) .  The c e l l s  w e re  p h o to g r a p h e d  
u s i n g  a 25x o b j e c t i v e ;  t h e  e d g e  o f  e a c h  s q u a r e  c o r r e s p o n d s  t o
0 . 1 5  mm.
Figure 3
I m m u n o f l u o r e s c e n c e  m i c r o s c o p y  o f  c e l l s  e x p r e s s i n g  v a r i o u s  
c o m b i n a t i o n s  o f  t h e  UL5, UL8 an d  UL52 p r o t e i n s .  C e l l s  w e re  
i n f e c t e d  w i t h  107 p . f . u . / d i s h  o f  e a c h  o f  t h e  f o l l o w i n g  v i r u s e s  and 
p r o c e s s e d  a s  d e s c r i b e d  i n  M e th o d s :  t s K  ( p a n e l s  a ,  f ,  k ) ; tsK/UL5
23
(b) ; tsK/UL8 ( g ) ; tsK/UL52 ( 1 ) ;  tsK /UL5 p l u s  t s K /U L8 ( c , h) ; 
tsK /U L5 p l u s  tsK/UL52 (d ,  m ) ; tsK /U L8 p l u s  tsK /U L 52 ( i ,  n) o r  
tsK /UL5 p l u s  tsK /UL8 p l u s  tsK/UL52 ( e ,  j , o ) . The a n t i b o d i e s  u s e d  
w e re  a n t i - U L 5  ( a - e ) , a n t i - U L 8  ( f - j )  an d  a n t i  UL52 ( k - o ) . The 
c e l l s  w ere  p h o t o g r a p h e d  u s i n g  a 25x o b j e c t i v e ;  t h e  e d g e  o f  e a c h  
s q u a r e  c o r r e s p o n d s  t o  0.15mm.
F i g u r e  4
Im m u n o f l u o r e s c e n c e  m i c r o s c o p y  o f  BHK c e l l s  e x p r e s s i n g  t h e  UL9 
p r o t e i n .  C e l l s  w e re  i n f e c t e d  a s  d e s c r i b e d  i n  t h e  l e g e n d  t o  
F i g u r e  3 w i t h  t s K  ( a ,  d ) , tsK /UL9 (b ,  c)  o r  tsK /U L 5 p l u s  tsK/UL8 
p l u s  tsK /U L52 ( c , f ) .  The a n t i b o d i e s  u s e d  w e re  a n t i - U L 9  ( a - c )  o r  
a n t i - U L 5 2  ( d - f ) .  The c e l l s  w e re  p h o to g r a p h e d  u s i n g  a 40x 
o b j e c t i v e ;  t h e  s h o r t e r  e d g e s  o f  t h e  r e c t a n g u l a r  p a n e l s  c o r r e s p o n d  
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ABSTRACT
The binding of a herpes simplex virus type 1 (HSV-1) 
encoded polypeptide to a viral origin of DNA replication has 
been studied by using a gel retardation assay. Incubation of 
nuclear extract from HSV-1 infected cells with a labelled 
origin-containing fragment resulted in the formation of a 
specific retarded complex, the migration of which was further 
reduced in the presence of an antibody reactive with the LJL9 
gene product. Introduction of an additional copy of the UL9 
gene, under the control of an immediate early (IE) promoter, 
conferred the ability to express origin binding activity at the 
non-permissive temperature upon an HSV-1 ts mutant blocked at 
the IE stage of infection. Endogenous or exogenous proteolytic 
activity revealed the presence of a relatively
protease-resistant domain which retained sequence-specific DNA 
binding activity. The C-terminal 317 amino acids of the UL9 
gene expressed as a fusion protein in Escherichia coli also 
bound to the origin. Our results demonstrate that the UL9 gene 
product binds to a viral origin and that sequence specific 
recognition and binding are specified by the C-terminal 37% of 
the polypeptide.
INTRODUCTION
The herpes simplex virus type 1 (HSV-1) genome is a linear 
double-stranded DNA of approximately 152 kb. Replication of 
this genome requires the presence of cis-acting elements which 
function as origins of DNA replication and of virus-encoded 
trans-acting proteins which perform essential roles in DNA 
synthesis.
The complete sequence of the HSV-1 genome has been 
determined and open reading frames capable of encoding 70 
distinct polypeptides identified (1). Two approaches have 
indicated that the products of seven of these genes (UL.5, UL8, 
UL9, UL29, UL30, UL42 and UL52) are involved in viral DNA




replication. Firstly, genetic analyses of HSV-1 mutants have 
shown that seven complementation groups containing mutants which 
exhibit defects in DNA synthesis map to these genes (2-10). 
Secondly, Challberg and his colleagues have demonstrated, using 
a plasmid amplification assay for HSV-1 origin-dependent DNA 
replication, that the products of these seven genes are both 
necessary and sufficient for DNA synthesis (11-13). Three of 
these seven DNA replication genes encode previously well- 
characterized proteins; the major single-strand-specific DNA 
binding protein is encoded by UL29 (3,14), the viral DNA 
polymerase by UL30 (14,15), and a 65,000 molecular weight 
protein which binds sequence-independently to double stranded 
DNA by UL42 (16,17). The products of the other four genes (UL5, 
UL8, UL9 and UL52) have not been so well characterized and are 
presumed to be present in much lower abundance in infected 
cells.
The viral origins of DNA replication are specified by two 
distinct but related sequences. One (ori ) lies close to the 
centre of the long unique (U^) region whilst the other (orig) is
present within the inverted repeats, TRg and IRg (18-21 and
Figure la). DNA fragments of 100 bp or less which specify a
functional orig have been identified (22-24) and include a 45 bp
near perfect palindrome with a central A+T-rich region.
Although the sequence specifying ori contains a much longerlj
(144 bp) palindrome there is high sequence similarity between 
the two origins covering the region of the °rig palindrome and 
approximately 40 bp to one side of it.
Using a DNase 1 footprinting assay Elias and his
colleagues (25,26) have demonstrated the presence of two 
specific binding sites for a virus-induced polypeptide within 
orig. Site I consists of an 18 bp region which overlaps the 
left end of the orig palindrome (Figure lb). Lower affinity 
binding occurs to site II which is present in the opposite 
orientation to site I and is identical in 15 of the 
corresponding 18 positions. Two copies of a sequence which 
differs in only one position from that of site I are similarly
located within ori^ and are also assumed to act as binding
sites. Elias and Lehman (26) showed that the origin-binding
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protein (OBP) had a molecular weight of 83,000, but the viral 
gene encoding it was not identified. It seemed very likely 
however that OBP would be the product of one of the four genes 
essential for HSV-1 DNA synthesis to which a function had not 
yet been ascribed. We therefore developed a gel retardation 
assay to facilitate the testing of the UL5, UL8, UL9 and UL52 
gene products for origin-binding activity. Our results confirm 
and extend the very recent report by Olivo et a l . (27) that the 
UL9 gene specifies OBP.
MATERIALS AND METHODS
C e l l s  a n d  v i r u s e s ;  Baby h a m s t e r  k i d n e y  21 c l o n e  13 (BHK) c e l l s  
(28) w e r e  g ro w n  i n  E a g l e ' s  m ed ium  s u p p l e m e n t e d  w i t h  10% t r y p t o s e  
p h o s p h a t e  b r o t h  a n d  10% f o e t a l  c a l f  s e r u m .  E x t r a c t s  w e r e
7
prepared from cell monolayers (10 cells/9 0 mm plastic Petri 
dish) infected with 5-10 p.f.u./cell and incubated for 8 h at 
37°C or 38.5°C. The viruses used were wild type (wt) HSV-1 
(Glasgow strain 17, syn+ ), the HSV-1 temperature-sensitive 
mutant tsK (29) and recombinant viruses tsK/UL5, tsK/UL8, 
tsK/UL9 and tsK/UL52. The recombinant viruses contain 
additional copies of the early genes UL5, UL8, UL9 and UL52 
inserted under the control of the immediate early (IE) gene 3 
promoter within the thymidine kinase gene of tsK. They were 
constructed essentially as described by Hummel et al . (30). 
Preparation of nuclear extracts; In initial experiments nuclear 
extracts were prepared by the method of Piette et al. (31) from 
3 infected cell monolayers. Proteins eluted from nuclei with 
buffer B containing 600 mM NaCl were precipitated with (NH4 )2SC>4 
and resuspended in 100 pi buffer B containing 100 mM NaCl. 
Subsequently it was noted that a procedure essentially as 
described by Dignam et a l . (32) and modified by Preston et a l . 
(33) gave greater reproducibility in terms of yield and 
activity. The nuclear pellet from 3 cell monolayers was eluted 
with 100 pi buffer C (20 mM Hepes pH 7.9, 25% glycerol, 1.5 mM 
M g C ^ ,  0.2 mM EDTA, 0.5 mM PMSF and 0.5 mM DTT) containing 600 
mM NaCl and after centrifugation the supernatant extract was 
flash frozen and stored at -70°C. Protein concentrations were 
determined by using a Bio-Rad Protein Assay kit.
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Expression in Escherichia coli: Fusion proteins containing
parts of the UL.9 polypeptide were synthesised using the plasmid 
vector system pRIT2T (supplied by Pharmacia; ref. 34). Two 
additional plasmids were constructed such that the Smal, BamHI, 
Sail and Pstl cloning sites (Figure 6a) were positioned in the 2 
other reading frames. EcoRI cleaved pR!T2T DNA was treated with 
mung bean nuclease to remove precisely the single-stranded 
overhangs and the plasmid recircularised either in the absence 
or presence of an 8 bp EcoRI linker (GGAATTCC). Resulting 
plasmids pRlT2T-4 and pRIT2T+4 respectively contain deletions 
and insertions of 4 bp and their identities were confirmed by 
DNA sequencing. DNA fragments were inserted into the 
appropriate plasmid as described in Figure 6 and the constructs 
used to transform E. coli strain K12 AHlAtrp (35) to ampicillin 
resistance. Bacteria containing the desired plasmids were 
isolated and propagated at 28°C. To induce synthesis of the 
fusion protein bacteria were grown to an A630 value of 0.4 in 50
ml L broth and rapidly shifted to 42°C for 75 min. The cells
were harvested by centrifugation, washed twice with lOmM
Tris-HCl pH 7.5, ImM EDTA and resuspended in 0.5 ml buffer C 
containing 600 mM KCl. The suspension was extensively sonicated 
and centrifuged at 11,600 g for 10 min. The resulting 
supernatant was used as extract in the binding assays.
DNA fragments and oligonucleotides: The 100 bp BamHl/Sall
orig-containing fragment from plasmid pS19 (22) was recloned 
between the corresponding sites of pTZl9U (36) and used as a 
source of the HSV-1 orig sequence (pS19 fragment). Plasmid pBY3
contains an unrelated but similarly sized Haelll fragment of 
HSV-1 DNA originating from within BamHI y (37) and cloned into 
the Smal site of pTZ19U. Oligonucleotides were synthesised 
using a model 8600 Biosearch DNA synthesiser and purified on a 
15% acrylamide DNA sequencing gel. Duplex oligonucleotides were 
formed by mixing equivalent masses of the two complementary 
strands, heating to 95°C and allowing to cool slowly to room 
temperature. The duplex oligonucleotides were end-labelled and 
blunt-ended using the filling-in reactions of the Klenuw 




oligonucleotide I 5' GATCCGCGAAGCGTTCGCACTTCGTCCCA
GCGCTTCGCAAGCGTGAAGCAGGGTCTAG 5'
oligonucleotide II 5' GATCTGGGGCGAAGTGCGAGCACTTCGCG
ACCCCGCTTCACGCTCGTGAAGCGCCTAG 5 '
oligonucleotide X 5' GATCGGATATGCTAATTAAATACAT
GCCTATACGATTAATTTATGTG 5'
Oligonucleotides I and II respectively contain the sequences of 
binding sites I and II within HSV-1 otig (see Figure 1 and ref. 
26). Oligonucleotide X, containing an unrelated DNA sequence, 
was kindly provided by Dr A. Bailey.
Gel retardation analysis (39): Probe fragments, 3' end-labelled
32with [ P]deoxyribonucleoside triphosphates, were eluted from 8% 
non-denaturing acrylamide gels, extracted sequentially with 
phenol and chloroform and precipitated with ethanol. Either 1 
ng labelled oligonucleotide or 5 ng of labelled 100 bp orig 
fragment were incubated at 25°C with 2 p g  sonicated calf thymus 
DNA and 5 p g  extract in a 20 p i  reaction mix containing 1 x 
buffer C plus 100 mM NaCl. After 20 min 5 p i  loading buffer 
(25% glycerol, 0.05% bromophenol blue in 1 x TBE [9 0 mM 
Tris-borate, 2.5 mM EDTA]) were added and the samples loaded 
onto 5% polyacrylamide gels (55:1, acrylamide:N, N '-methylene 
bisacrylamide) containing 1 x TBE. Gels were run in 1 x TBE at 
25 mA for 1.5-2 h, fixed in 10% acetic acid, dried and exposed 
for autoradiography.
Antisera: Rabbit antisera raised against decapeptides from the
C-termini of the UL5, UL8, UL9 and UL52 gene products and 
reactive with the corresponding polypeptides (27) were kindly 
provided by Dr M.D. Challberg. 1 pi of antiserum was added to 
binding reactions.
RESULTS
Detection of orig binding activity in nuclear extracts of cells 
infected with wt HSV-1. The sequence of part of the 100 bp 
HSV-1 DNA insert of plasmid pS19, which specifies functional 
orig activity (22), is shown in Figure lb together with the two 
binding sites for a viral polypeptide mapped by Elias and Lehman 
(26). Double-stranded oligonucleotides containing the sequences 
of binding sites I and II (oligonucleotide I and oligonucleotide
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(a) oriL °jis Oj's
□------------1-----------m — □
ir l ,r s  u s  t r s
(b)
562  X -------------------------------------------------- 627
V   .   V
GAACGCGA| AGCGTTCGCACTTCGTCcj CAATATATATATATTATTA|GGGCGAAG TG CG A G |CACTGGC
SITE I SITE I
Figure 1. (a) Structure of the HSV-1 genome showing the
locations of the origins of DNA replication. (b) DNA sequence 
from the ori region (22). The 45 bp palindrome is indicated by 
arrows and tne two binding sites identified by Elias & Lehman 
(26) are boxed.
11 respectively) were synthesised and used with the 100 bp pS19 
fragment in a gel retardation assay for the presence of proteins 
binding to these sites.
In initial experiments proteins eluted with 600 mM NaCl 
from nuclei of mock-infected and HSV-1 infected cells were 
precipitated with (NH^^SO^ and redissolved in buffer B plus 
100 mM NaCl (31). These extracts were incubated with 
end-labelled pS19 fragments in the presence of sonicated calf 
thymus DNA and sequence specific competitor DNAs. The reaction 
products were analysed by electrophoresis through 5% 
non-denaturing polyacrylamide gels.
Figure 2 shows the results of a typical experiment. In 
the absence of added competitor DNA two retarded bands (A and B) 
representing protein-DNA complexes were detected (track 1). To 
verify the specificity of binding, 100-fold molar excesses of 
unlabelled orig fragment (track 2), oligonucleotides I and II 
(tracks 3 and 4) and the 100 bp insert of plasmid pBY3 
(containing unrelated HSV-1 DNA sequences [track 5]) were added 
to the assay. The orig fragment and oligonucleotides I and II 
competed efficiently for binding resulting in a great decrease 
in the signal intensity of bands A and B. In contrast the pBY3 
fragment did not compete. Complexes A and B therefore result 
from site specific binding to DNA sequences present within 
oligonucleotides I and II, and probably represent the same 
activity as previously detected by DNase footprinting (26). No
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Figure 2. Gel retardation analysis of extracts of vit HSV-1 
infected cells. Nuclear extract was incubated with 32P end- 
labelled pS19 fragment either in the absence of competitor DNA 
(track 1) or in the presence of 100-fold molar excesses of 
unlabelled pS19 fragment (track 2), oligonucleotide I (track 3), 
oligonucleotide II (track 4) or pBY3 fragment (track 5). The 
products were separated by electrophoresis in a 5% non­
denaturing polyacrylamide gel. A and B indicate specific 
retarded complexes and P the free probe.
similar activity was detected in extracts from mock-infected 
cells (e.g. Figure 3a, track 1).
The product of the UL9 gene interacts with binding site I . The
recombinant viruses tsK/UL5, tsK/UL8, tsK/UL9 and tsK/UL52 
contain additional copies of the early genes UL5, UL8, UL9 and 
UL52 inserted into the genome of the HSV-1 temperature-sensitive 
mutant t^K under the control of the immediate early (IE) gene 3 
promoter. A t the non-permissive temperature (38.5°C) tsK 
accumulates IE polypeptides but fails to induce the expression
of early and late genes (29,40). The 4 recombinant viruses
exhibit polypeptide profiles at 38.5°C indistinguishable from 
tsK with the exception that each induces a single additional 
polypeptide corresponding to the product of the inserted gene 
(J.M. Calder and N.D. Stow, manuscript in preparation).
Proteins were eluted with 600 mM NaCl from the nuclei of 
mock-infected cells and from cells infected at the 
non-permissive temperature with wt HSV-1, tsK or the four 
recombinant viruses. The extracts were tested in a gel
1415
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Figure 3. Gel retardation analysis of extracts from cells 
infected with recombinant viruses. Nuclear extract was prepared 
from cells incubated at 38.5°C and reacted with P-labelled 
oligonucleotide I. (a) track 1, mock-infected cells; tracks 
2-7, cells infected with wt HSV-1, _ts^ K, t^K/Uh5, tsK/UL8 , 
t£K/UL9 or tj3K/UL52 respectively. "A" indicates the major 
complex detected with wt HSV-1 extract. (b) Nuclear extract 
from cells infected with tj;K/UL9 was incubated in the absence of 
competitor DNA (track 1) or in the presence of 100-fold molar 
excesses of oligonucleotide 1 (track 2) or oligonucleotide X 
(track 3).
3 2retardation assay using P-labelled oligonucleotide 1 as probe 
(Figure 3a). As expected, extract from cells infected with wt 
HSV-1 generated a major complex (A) and some minor bands (track 
2). The only other extract which caused significant retardation 
of the probe fragment was from cells infected with recombinant 
virus tjsK/UL9 (track 6). Although the pattern of retardation 
observed with extracts from cells infected with this virus 
varied from assay to assay the presence of material which failed 
to enter the gel and of a smear extending down most of the track 
were consistently observed. In addition, whereas somewhat 
diffuse bands migrating more slowly than complex A were usually 
seen, bands co-migrating with complex A were absent.
Figure 3b demonstrates that the pattern of retarded DNA 
probe represents sequence specific binding. Addition of a 
100-fold excess of unlabelled oligonucleotide I but not
1416
Nucleic Acids Research
1 2 3 4 5
A'-
ia4
Figure 4. Effect of antisera on the wt HSV-1 complex. Nuclear 
extract from cells infected with wt HSV-1 was incubated with 
P-labelled oligonucleotide 1 either in the absence of added 
antiserum (track 1) or in the presence of antisera reactive with 
the UL5, UL8, UL9 or (JL52 gene products (tracks 2, 3, 4 and 5 
respectively). The products were analysed as described in 
Figure 2. A and A ’ indicate the major complexes formed in the 
absence of antiserum or in the presence of antiserum against the 
UL9 gene product respectively.
oligonucleotide X (which is a similar size but of unrelated DNA 
sequence) efficiently competed for binding.
Because the tsK/UL9 recombinant differs from tsK only in 
its ability to express the UL9 gene product at the 
non-permissive temperature the data indicate that this 
polypeptide participates in the formation of a complex with 
binding site I.
The UL9 gene product is present in complex A formed with 
extracts from cells infected with wt HSV-1. Nuclear extract 
from cells infected with wt HSV-1 was incubated with P -  
labelled oligonucleotide I either in the absence of added 
antibody or in the presence of antibodies reactive with the UL5, 
UL8, UL9 or UL52 polypeptides and the products analysed on a 
non-denaturing polyacrylamide gel. Figure 4 shows that the 
antibodies which react with UL5, UL8 or UL52 had little effect
1417
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Figure 5. Effect of proteinase K on the _tsK/UL9 complex.
Nuclear extract from cells infected with recombinant tsK/UL9 was 
incubated with P-labelled oligonucleotide I either in the 
absence of proteinase K (track 1) or in the presence of 1, 10, 
100, 1000 or 2000 ng proteinase K (tracks 1-6 respectively). Wt
HSV-1 extract was assayed in parallel in the absence of
proteinase (track 7). The products were analysed as described
in Figure 2. "A" indicates the major complex formed with wt
extract.
on the pattern of retarded fragments. In contrast addition of 
antibody to the UL9 polypeptide resulted in the loss of the 
major retarded complex, A, and its replacement by a more slowly 
migrating form, A', indicative of the additional presence of 
antibody molecules in the complexes. Therefore at least a part 
of the UL,9 polypeptide is contained within complex A, and since 
the antibody was raised against a C-terminal oligopeptide (27) 
this region of the protein must be present.
Effect of protease digestion on the binding activity from cells 
infected with the tsK/UL9 recombinant. Given that the major 
retarded complex from cells infected with wt HSV-1 reacted with 
an antibody against the (JL9 polypeptide it was rather surprising 
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Figure 6. Expression of UL9 
Structure of plasmid pRIT2T.
gene fragments in E. coli. (a)
pRIT2T-4 and pRIT2T+4 are 
essentially similar except that in pRIT2T-4 the EcoRI site is 
replaced by an Apal site. The positions of the phage lambda 
promoter, P and coding sequences for the N-terminal region of 
the Staphylococcus aureus A protein are indicated. (b)
Fragments inserted into vectors. The upper line shows the SstI 
fragment containing the UL9 gene which was initially cloned into 
the EcoRI site of pUC8. The N- and C-terminal regions of the 
coding sequences (black bar) are indicated. Plasmids pX8, pBl 
and pP31 contain the indicated fragments inserted in frame and 
in the appropriate orientation into pRIT2T-4, pRIT2T-4 and 
pRIT2T respectively. The C-terminal ends of the pBl and pP31 
inserts lie within the pUC8 polylinker. The nucleotide 
numbering is from McGeoch et al. (1).
from cells infected with the tsK/UL9 recombinant was very 
different. One possible explanation is that complex A contains 
only a fragment of the UL9 polypeptide.
Our attempts to size complex A using pore-gradient 
polyacrylamide gels (41) had suggested a molecular weight of 
approximately 45,000, clearly inconsistent with the binding of 
an intact UL9 polypeptide (molecular weight 9 4,000) to the 
labelled oligonucleotide (data not shown). We therefore 
examined the effect of proteinase K addition to binding 
reactions containing tsK/UL9 nuclear extract and labelled 
oligonucleotide I. The results (Figure 5) show that with 
increasing amount of added proteinase K there is a reduction in 
the amount of slowly migrating complexes and a concomitant 
appearance of a faster migrating species which exhibits a 
mobility very similar to that of complex A. No band of this 
mobility was detected when extracts from mock-infected cells or
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Figure 7. Gel retardation analysis of the pBl encoded fusion 
protein. Binding reactions were performed without extract 
(track 1) or with extracts from untransfomed bacteria (track 2), 
bacteria transformed with pRIT2T (track 4) or pBl (tracks 3,
5-8, 10-13), or from wt HSV-1 infected BHK cells (track 9). The 
probe fragments were 32P-labelled oligonucleotide 1 (tracks 1-4, 
9-13) and pS19 fragment (tracks 5-8). Unlabelled 
oligonucleotide 1 (track 6), oligonucleotide II (track 7) and 
oligonucleotide X (track 8) were added as competitors. Antisera 
reactive with UL9 and UL52 respectively were added to the 
reactions shown in tracks 12 and 13. C and A indicate the major 
complexes from bacteria containing pBl and from wt HSV-1 
infected cells.
cells infected with tjsK were similarly treated with proteinase K
(data not shown).
The data thus suggest that the addition of proteinase K to
extracts containing the UL9 polypeptide results in the cleavage
of the polypeptide and the generation of a relatively
protease-resistant domain which retains DNA binding activity.
Expression of the DNA binding domain of UL9 in Escherichia coli.
Three DNA fragments representing approximately the N-terminal
2/3 and C-terminal 2/3 and 1/3 of the UL9 coding sequences were
cloned in the correct reading frame into the vector pKIT2T or an
appropriate frameshift derivative (see Figure 6 and Materials
and Methods). The constructs were introduced into E. coli
strain K12AHlAtrp, extracts prepared from heat induced bacteria,
32and tested for binding activity using P-labelled
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oligonucleotide I. No binding activity was detected in extracts 
from the host bacteria alone or following the introduction of 
the vector pR!T2T (Figure 7, tracks 2 and 4). Of the three 
hybrid plasmids pBl (track 3) and pP31 but not pX8 encoded 
binding activity. The activity encoded by pBl also binds to the 
100 bp orig-containing fragment and is efficiently competed by 
the addition of unlabelled oligonucleotides 1 and II but not 
oligonucleotide X (tracks 5-8). The C- terminal 317 amino acids 
of the (J9 polypeptide therefore contain all the amino acid 
sequences required for sequence-specific binding to sites I and 
II within orig.
Figure 7 also shows that the fusion protein encoded by pBl 
(predicted molecular weight 63,000) forms a complex which 
exhibits a considerably lower mobility than complex A formed 
using extract from cells infected with wt HSV-1 (tracks 9 and 
10), in agreement with complex A containing only a proteolytic 
fragment of the (JL9 polypeptide. The mobility of the pBl 
complex was further reduced by the addition of antibodies 
reactive with the UL9 or UL52 polypeptides to the binding 
reaction (tracks 11-13). The ability of both these antibodies 
to bind to the DNA protein complex results from the presence of 
the protein A moiety in the pBl fusion protein, and verifies 
that the hybrid protein is responsible for the observed binding.
DISCUSSION
The initial objective of the experiments presented in this 
paper was to identify the HSV-1 gene product which recognises 
the two specific binding sites within HSV-1 orig characterised 
by Elias and Lehman (26). The expression of binding activity in 
E. coli indicates that the only viral polypeptide essential for 
this activity is encoded by the UL9 gene and very strongly 
suggests that this gene product is directly responsible for 
sequence specific binding. Our identification of the UL9 
polypeptide as an origin-binding protein is in complete 
agreement with the recent results of Olivo et al . (27) who 
expressed this viral protein in a baculovirus expression system 




In addition to expressing binding activity in E. coli we 
also detected binding using nuclear extracts from cells infected 
with wt HSV-1 or the recombinant virus _tsK/UL9 . Competition 
experiments with synthetic oligonucleotides demonstrated that in 
each instance the binding target contained sequences homologous 
to binding sites I and II initially characterised by Elias and 
Lehman (26). The baculovirus-expressed UL9 polypeptide 
protected similar DNA sequences in DNase footprinting 
experiments (27).
By employing a gel retardation assay we were able to 
distinguish different sizes of complex formed by the addition of 
extracts from various sources. These results are interesting to 
compare with other recent reports which examined origin-binding 
activity by the same technique. The rapidly migrating complex A 
detected with extracts from cells infected with wt HSV-1 clearly 
contains only a portion of the UL9 gene product. This complex 
appears to be similar to the major complex described recently by 
Koff and Tegtmeyer (42). In contrast Elias and Lehman (26) 
purified origin binding activity from virus infected cells and 
observed a major (presumably intact) polypeptide of molecular 
weight 83,000 and two smaller components. This preparation gave 
a very different pattern, more closely resembling that obtained 
with _tsk/UL9 extracts, in a gel retardation assay. This 
suggests that in extracts of cells infected with wt HSV-1 the 
UL9 polypeptide may be subjected to varying extents of 
proteolytic cleavage. We do not know whether the small forms 
observed by ourselves and by Koff and Tegtmeyer (42) are of any 
physiological significance or whether they merely reflect 
proteolytic activity occurring during the isolation procedure. 
The observation that extracts made ih parallel from cells 
infected with the jtsk/UL9 recombinant do not contain the cleaved 
form of the polypeptide responsible for the formation of complex 
A suggests that the proteolytic activity occurs as a consequence 
of infection proceeding from the IE to early and late stages, 
and could thus possibly be virus encoded.
Although interaction of intact UL9 polypeptide with 
labelled probe fragments produces a smeared pattern in a gel 
retardation assay this nevertheless represents sequence-specific
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binding (Figure 3 and ref. 26). The smearing may occur because 
of aggregation and/or dissociation of complexes during 
incubation of the binding reactions and gel electrophoresis.
This behaviour is not so noticeable in complexes containg only 
proteolytic fragments of UL9 or fragments synthesized in E. coli 
where much "tighter" bands are observed. The smearing may 
therefore be a consequence of interactions involving the 
N-terminal region of the UL9 polypeptide.
By expressing a fragment of the UL9 polypeptide in E. coli 
we have demonstrated that the C-terminal 317 amino acids specify 
all the structural information required for sequence-specific 
recognition and binding. A similar situation has previously 
been noted for another herpesvirus sequence-specific DNA binding 
protein, EBNA-1 of Epstein-Barr virus, the C-terminal domain of 
which is able to bind to its target recognition sequence (43).
In addition, discrete domains of several other proteins are 
known to be responsible for sequence-specific binding to DNA and 
these are often relatively resistant to the action of added 
protease (41, 44-48).
It is likely that sequence-specific recognition of the 
HSV-1 origins of DNA replication is a very early event in 
initiation of HSV-1 DNA synthesis. Following binding of the UL9 
polypeptide to the origins, regions of the protein not involved 
in direct interaction with DNA probably participate in other 
functions which may include interacting with other replication 
proteins, or unwinding or nicking DNA to facilitate the 
initiation of DNA synthesis. Expression systems for the UL9 
polypeptide such as those described in this paper should prove 
useful in the study of these functions.
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ABSTRACT
The herpes simplex virus type 1 helicase-primase 
complex consists of the products of the UL5, UL8 and 
UL52 genes. We have expressed these proteins in 
insect cells using baculovirus vectors and studied the 
requirements for enzymatic activities associated with 
the DNA unwinding function of the complex. In 
agreement with a recent report (Dodson, M.S., Crute, 
J.J., Bruckner, R.C. and Lehman, I.R. 1989, J. Biol. 
Chem. 264,20835 -  20838) we find that DNA-dependent 
ATPase and DNA helicase activitites are assembled in 
vivo in insect cells triply infected with viruses 
expressing the UL5, UL8 and UL52 proteins. Moreover, 
these activities were also detected in cells in which only 
the UL5 and UL52 products were expressed indicating 
that the presence of the UL8 protein is essential for 
neither the ATPase nor helicase activity of the complex.
INTRODUCTION
The herpes simplex virus type 1 (HSV-1) genome is a double­
stranded DNA of approximately 152 kbp (1). Recent studies have 
identified a set of seven HSV-1 gene products which, in transient 
replication assays in transfected tissue culture cells, are necessary 
and sufficient for origin dependent DNA replication (2 -4 ) .  
HSV-1 mutants with lesions in these genes all exhibit defects in 
DNA synthesis under non-permissive conditions indicating that 
the seven proteins play important roles in genome replication 
(5 -1 2 ) .
The seven replication proteins have now been identified either 
in HSV-1 infected cells or by making use of expression vectors 
(13 — 18), and roles in DNA synthesis have been assigned to them. 
The viral DNA polymerase holoenzyme contains subunits 
encoded by genes UL30 and UL42 (14,20 — 22). A single­
stranded DNA binding protein is specified by the UL29 gene 
(16,23,24), and the product o f the UL9 gene binds to specific 
DNA sequences within the viral origins of DNA synthesis 
(18,19). The remaining three proteins, encoded by genes UL5, 
UL8 and UL52, form a complex in HSV-1 infected cells which 
exhibits DNA-dependent ATPase, DNA-dependent GTPase, 
DNA helicase and DNA primase activities (17,25,26). These
enzymatic activities have not yet been assigned to individual 
subunits o f the complex.
By analogy to other replication systems it would be expected 
that the DNA-dependent ATPase activity of the UL5/UL8/UL52 
complex reflects the coupling of ATP hydrolysis to the strand 
unwinding activity of the helicase. In order to further investigate 
these activities we have utilised the baculovirus expression system 
(27-29), and have isolated recombinant viruses which individually 
overproduce the three HSV-1 proteins.
In agreement with the recent results of Dodson et al. (17) we 
demonstrate that the DNA-dependent ATPase and DNA helicase 
activities can be reconstituted by triple infection of Spodoptera 
frugiperda insect cells. Moreover co-expression o f the UL5 and 
UL52 proteins is sufficient for production o f these activities 
suggesting that the UL8 protein may play a separate role in the 
complex.
MATERIALS AND METHODS
Isolation of recombinant baculoviruses
Spodoptera frugiperda (Sf) cells were maintained at 28°C in 
TCI00 medium (Gibco) supplemented with 5% foetal calf serum. 
The propagation of Autographa califomica nuclear polyhedrosis 
virus (AcNPV) and the preparation of viral DNA were as 
previously described (28,30). HSV-1 DNA fragments encoding 
the UL5, UL8 and UL52 genes were initially subcloned from 
appropriate plasmids containing larger inserts o f wt HSV-1 
(Glasgow strain 17) DNA, and subsequently inserted into the 
unique BamHI site o f the baculovirus transfer vector pAcYM l 
(28). Resulting plasmids containing HSV-1 inserts in the correct 
orientations were cotransfected with intact AcNPV DNA into 
Sf cells as previously described (28,30). Recombinant viruses 
were isolated and purified by performing serial dilutions 
essentially as described by Elliott and McGregor (31) except that 
double stranded DNA was prepared from infected cells and 
screened for the presence of recombinants by restriction enzyme 
digestion and Southern blot hybridisation to appropriate probes 
(32). The resulting recombinant viruses AcUL5, AcUL8 and 
AcUL52 contain and express the UL5, UL8 and UL52 genes 
respectively. The HSV-1 DNA sequences present in these viruses
* To whom correspondence should be addressed
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are nucleotides 12128-15166 (UL5), 17855-20492 (UL8) and 
108961 — 112514 (UL52) (ref. 1), in each instance inserted via 
BamHI cohesive ends.
Preparation of cell extracts
Subconfluent Sf cell monolayers in 90 mm diam. plastic Petri 
dishes were infected with 10 p.f.u./cell of each of the recombinant 
viruses under test or with parental AcNPV and incubated at 28 °C 
for 30 h. Cells from 3 monolayers were pooled for the preparation 
o f each extract and all manipulations were performed at 4°C. 
Infected cells were harvested by scraping into the medium, 
pelleted and washed 3 times with tris saline solution. The final 
pellet o f washed cells was resuspended in 0.75 ml buffer 
containing 0.5% Nonidet P40 (NP40) and incubated on ice. Two 
different buffers were employed: RSB (10 mM Tris-HCl pH 7.5, 
10 mM KC1, 1.5 mM MgCl2, 1 mM dithiothreitol, 0.5 mM 
PMSF) for the preparation of cytosol, and buffer C (20 mM hepes 
pH 7.9, 25% glycerol, 600 mM NaCl, 1.5 mM MgCl2, 0.2  
mM EDTA, 1 mM dithiothreitol, 0.5 mM PMSF) for the 
preparation of a fraction including salt-elutable nuclear proteins. 
Cells resuspended in RSB/NP40 were left on ice for 10 min and 
centrifuged at l l ,0 0 0 x g  for 30 sec to pellet nuclei. Particulate 
material was removed by further centrifugation of the supernatant 
at 200,000 Xg for 30 min in a Beckman TLA 100.2 rotor. The 
final supernatant was applied directly to a phosphocellulose 
column. Cells resuspended in buffer C/NP40 were left on ice 
for 20 — 30 min then directly centrifuged at 200 ,000Xg for 30 
min. The resulting supernatant was dialysed against buffer B (20 
mM hepes pH 7.6 , 10% glycerol, 1 mM dithiothreitol, 1 mM 
EDTA, 1 mM EGTA, 0.5 mM PMSF) containing 50 mM NaCl 
prior to column chromatography. In practice the two procedures 
gave almost indistinguishable results.
Phosphocellulose chromatography
Phosphocellulose chromatography was performed essentially as 
described (25). Extracts were applied to 2 ml bed volume columns 
of phosphocellulose (Whatman PI 1) equilibrated with buffer B 
containing 50 mM NaCl. The columns were washed with 10 ml 
of this buffer and proteins eluted with a linear gradient (15 ml) 
from 50 to 400 mM NaCl in buffer B. Finally 2 ml buffer B 
plus 2M NaCl was applied. 1 ml fractions were collected.
Assay for DNA-dependent ATPase activity
Reaction mixes (50 /d) contained 20 mM Tris-HCl pH 7.5, 10% 
glycerol, 3.5 mM MgCl2, 100 /xg/ml BSA, 5 mM dithiothreitol, 
0.05 mM ATP containing 1.5 fiCi [7*32P]ATP, 0.1 ng activated 
calf thymus DNA and 20 /d enzyme fraction. Incubation was 
for 40 min at 33 °C. 150 /d activated charcoal in 50 mM HC1, 
5 mM H3 PO4  was added, the mixtures vortexed and left to stand 
for 5 min (33). The reactions were then centrifuged in a 
microfuge for 2 min and the free phosphate liberated by 
hydrolysis o f ATP was determined by counting the radioactivity 
present in a 120 /d sample of the supernatant. The amount of 
ATP hydrolysed was calculated by comparison with the total 
radioactivity in an equivalent amount o f the initial reaction mix.
Assay for DNA helicase activity
Helicase activity was assayed as previously described (25). The 
substrate consisted of a 45 base oligonucleotide with a 3' tail 
annealed to M 13mpl8 single stranded DNA (25). The 
oligonucleotide was labelled using terminal transferase in the 
presence o f [a-32P]dATP (34), annealed to the M 13mpl8 DNA
and the hybrid substrate purified by filtration through a Bio-gel 
A-1.5m column. Reaction mixes (40 /d) contained 20 /d enzyme 
fraction, 20 ng helicase substrate and 3 mM ATP in buffer A 
(25). Incubation was for 2 h at 37 °C and the products were 
analysed by electrophoresis through a 10% acrylamide gel run 
in 89 mM Tris base, 89 mM boric acid, 2 mM EDTA. After 
electrophoresis gels were dried and exposed to autoradiographic 
film.
Assay for the UL5, UL8 and UL52 polypeptides
Two approaches were used to identify column fractions containing 
the UL5, UL8 or UL52 proteins. In some experiments one 
infected monolayer from a set o f 3 was incubated from 24 to 
30 h p.i. in 1.5 ml TC100 salt solution (43 mM KC1, 10 mM 
CaCl2, 6 mM glucose, 12.5 mM MgCl2, 12.5 mM M gS04, 4.6  
mM NaH C03, 8 mM NaH2P 0 4 pH 6.2) containing 150 /iCi 
35S-methionine. 40 /d samples of labelled column fractions were 
subsequently analysed by sodium  dodecyl sulphate 
polyacrylamide gel electrophoresis (SDS-PAGE) on 9% gels (35). 
Gels were fixed, treated with EnHance (NEN), dried and exposed 
to autoradiographic fdm. Alternative immunological detection 
procedures were used in other experiments (not shown) with 
unlabelled extracts. Samples of column fractions were applied 
to nitrocellulose fdters using a dot blot apparatus or 
electrophoretically transferred from an SDS polyacrylamide gel. 
Fractions containing the HSV-1 proteins were identified by using 
rabbit antipeptide antibodies directed against the UL5, UL8 or 
UL52 polypeptides (kindly provided by Dr M .D. Challberg; ref. 
16) or an appropriate control serum, in conjunction with a 
detection kit (Promega) containing horseradish peroxidase 
conjugated second antibody.
RESULTS
Expression of UL5, UL8 and UL52 polypeptides by 
recombinant baculoviruses
Sf cells were infected with 10 p.f.u./cell wt AcNPV, AcUL5, 
AcUL8 or AcUL52 and incubated at 28°C for 50 h. The infected 
cells were then washed and samples containing total cellular 
proteins and the cytoplasmic and nuclear fractions analysed by 
SDS-PAGE. Fig. 1 shows the proteins visualised by Coomassie 
brilliant blue staining, each lane containing the material recovered 
from 1.5 X105 cells. The products o f the UL5, UL8 and UL52 
genes are readily apparent in the lanes containing total cellular 
proteins indicating efficient expression by the recombinant 
viruses. Both the UL5 and UL8 proteins were present almost 
exclusively in the soluble cytoplasmic fraction, whereas the UL52 
protein sedimented with the nuclei. Subsequent experiments have 
shown that this fractionation of the UL52 protein is a consequence 
of its insolubility rather than its translocation into the nuclei. 
Furthermore, when extracts were prepared at 24 — 30 h after 
infection, the yields of the HSV-1 proteins were, as expected, 
much lower but the UL52 gene product was found predominantly 
in the soluble cytoplasmic fraction (data not shown).
The observation of Crute et al. (26) that in HSV-1 infected 
cells the UL5, UL8 and UL52 polypeptides form a complex 
suggested that co-expression of these three proteins might increase 
the solubility o f the UL52 product at late times after infection 
with AcUL52. This indeed occurred but the proportion of UL52 
protein recovered in the soluble fraction was variable and on all 
occasions a significant amount remained insoluble. Experiments 
examining the induction o f enzymatic activities by the
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Fig. 1. Expression of HSV-1 UL5, UL8 and UL52 proteins by recombinant 
viruses. Sf cells were harvested 50 h after infection with AcNPV, AcUL5, AcUL8 
or AcUL52 and washed in tris saline solution. Total cellular proteins (T) were 
prepared by direct lysis of a portion of the cells in sample buffer (35). The 
remainder of the cells were resuspended in RSB/NP40, incubated on ice for 10 
min and centrifuged at 11,000Xg for 10 min. The cytoplasmic supernatant (C) 
and nuclear pellet (N) were similarly prepared for SDS-PAGE. Each lane of a 
9% polyacrylamide gel was loaded with material recovered from 1.5 Xl05 cells. 
After electrophoresis the gel was stained with Coomassie brilliant blue, destained, 
dried and photographed. The positions of the UL5, UL8 and UL52 proteins are 
indicated.
recombinant viruses were therefore performed on extracts 
prepared 30 h p.i. Efficient recovery of the over-expressed HSV-1 
proteins was achieved by lysing infected cells with NP40 in the 
presence of either low or high salt concentrations. The resulting 
extracts (cytoplasmic or total cellular respectively) were 
centrifuged at high speed prior to column chromatography.
Fractionation o f ATPase activities by phosphocellulose 
chromatography
Total cellular extracts were prepared from Sf cells infected with 
AcNPV or the three recombinant viruses AcUL5, AcUL8 and 
AcUL52 either alone or in all possible combinations. After 
dialysis the samples were fractionated on phosphocellulose 
columns as described in Materials and Methods. Fractions were 
collected and assayed for ATPase activity in the presence of 
activated calf thymus DNA.
Comparison o f Fig. 2 panels A and B reveals that a distinct 
peak of ATPase activity, not present in cells infected with the 
vector, AcNPV, was induced in cells triply infected with 
recombinant viruses AcUL5, AcUL8 and AcUL52. This peak 














Fig. 2. Assay of phosphocellulose column fractions for ATPase activity. Extracts 
were prepared from cells infected with AcNPV (panel A), AcUL5 plus AcUL8 
plus AcUL52 (panel B) or AcUL5 plus AcUL52 (panel C) and fractionated on 
phosphocellulose columns as described in the text. The ATPase activities of the 
final 2 fractions of the wash (W) and the gradient fractions (1-15) were 
determined. The profile of the NaCl gradient is shown in panel A. One plate 
of each set of 3 had been labelled with 35S-methionine.
previously reported for the HSV-1 helicase-primase complex (150 
mM; ref. 25), and was dependent upon the presence of DNA 
in the assay.
The ATPase profiles obtained from cells infected with AcUL5, 
AcUL8 or AcUL52 alone or with AcUL5 plus AcUL8 or AcUL8 
plus AcUL52 were each almost identical to that obtained with 
the control AcNPV extract (data not shown). In contrast, a distinct 
peak of ATPase activity was obtained from cells which received 
AcUL5 and AcUF52 in combination (panel C), and this activity 
eluted between the same salt concentrations as the activity from 
triply infected cells. The expression of the HSV-1 UF8 product 
is therefore not required for the induction of the novel DNA- 
dependent ATPase.
DNA helicase activity of phosphocellulose column fractions
Fractions from the phosphocellulose columns described above
3576 Nucleic Acids Research, Vol. 18, No. 12
hybrid
4 5 m er
Fig. 3. Assay of phosphocellulose column fractions for DNA helicase activity. 
Helicase activity was determined for gradient fractions 1 — 13 of the 3 sets of 
extracts described in Fig. 2 (panel A, AcNPV; panel B, AcUL5 plus AcUL8 
plus AcUL52; panel C, AcUL5 plus AcUL52). The reaction products were 
analysed on a 10% polyacrylamide gel. Marker lanes contain undenatured (S) 
or heat denatured (D) helicase substrate, and the positions of the undenatured 
hybrid substrate and displaced 45 base oligonucleotide are indicated.
were also assayed for DNA helicase activity using a substrate 
consisting of a synthetic oligonucleotide annealed to single­
stranded M B m p 18 DNA and containing a 3' single-stranded tail.
Fig. 3, panel A shows that fractions 6 — 8 from cells infected 
with the vector AcNPV showed a low level o f displacement of 
labelled oligonucleotide indicative of helicase activity. (Small 
variations in the amount of hybrid substrate present at the top 
of the gel probably result from the action of nucleases). Very 
similar patterns were also obtained with the extracts from cells 
singly infected with AcUF5, AcUF8 or AcUL52 or co-infected 
with AcUL5 plus AcUL8 or AcUL8 plus AcUL52 (data not 
shown). Major novel peaks of helicase activity were however 
obtained from cells infected with all three recombinant viruses 
or a combination of AcUL5 and AcUF52 (panels B and C). In 
both cases maximum helicase activity was present in fractions 
4 — 6, coincident with the peak of ATPase activity (Fig. 2).
Therefore, as with the ATPase activity, the novel DNA helicase 
activity does not require the UL8 protein.
Presence o f HSV-1 specified proteins in phosphocellulose 
column fractions
The polypeptides present in phosphocellulose column fractions 
were analysed by SDS-PAGE. Fig. 4, panel A shows the pattern 
obtained with extracts from cells infected with AcNPV, and 
panels B and C the corresponding analysis of fractions from cells 
triply infected with AcUL5, AcUL8 and AcUL52 or doubly 
infected with AcUL5 and AcUL52. Bands corresponding to the 
expressed HSV-1 proteins are indicated. For both sets of 
recombinant virus infections the HSV-1 proteins co-eluted and 
were present in maximum amounts in fractions 4 —6, coincident 
with the peaks o f ATPase and helicase activity. In single 
infections the UL5, UL8 and UL52 polypeptides each eluted at 
a higher NaCl concentration (200—350 mM and in the 2 M wash) 
than the peaks o f enzymatic activity described above (data not 
shown). The amounts o f UL5 and UL52 protein recovered in 
the peak fractions from the double infection (panel C) appear 
to be slightly reduced compared with the triple infection (panel 
B) and this may possibly account for the slightly lower levels 
of ATPase and helicase activities observed in the doubly infected 
cells (Figs. 2 and 3).
DISCUSSION
The results presented in this paper show that HSV-1 polypeptides 
synthesised in insect cells by means of a baculovirus expression 
vector exhibit two activities associated with DNA strand-
unwinding which are intrinsic to the viral helicase-primase 
complex. In agreement with the recent report of Dodson et al. 
(17) novel DNA-dependent ATPase and DNA helicase activities 
were induced in Sf cells triply infected with recombinant viruses 
expressing the U F5, UL8 and UL52 gene products, and these 
activities co-fractionated with the HSV-1 polypeptides. These 
results, and further purification and sizing of the enzyme by 
Dodson et al. (17) indicate that the UL5, UL8 and UL52 proteins 
synthesised in insect cells are able to assemble into a functional 
complex as occurs in cells infected with HSV-1 (26).
In testing the possible combinations of single and double 
infections with AcUL5, AcUL8 and AcUL52 we demonstrated 
that the novel ATPase and helicase activities were also detected 
in cells in which only the UL5 and UL52 proteins were expressed. 
The presence of the UL8 protein therefore appears to have no 
significant effect upon the expression of the HSV-1 ATPase and 
helicase activities. Two observations suggest that complex 
formation between the UL5 and UL52 proteins is important for 
the ATPase and helicase activities. Firstly, phosphocellulose 
column fractions from singly infected cells which were known 
to contain the UL5 or UL52 polypeptide exhibited neither 
enzymatic activity, and secondly when the two proteins were co­
expressed they co-eluted from the column at a salt concentration 
lower than that at which either eluted when expressed alone. The 
UF5 and UL52 proteins present in fractions 8 —13 (Fig. 4, panels 
B and C), which exhibited insignificant ATPase or helicase 
activity (Figs. 3 and 4), probably represent uncomplexed 
polypeptide molecules.
Examination o f the amino acid sequence encoded by the UL5 
gene led to the prediction that the protein might function as a 
helicase (36,37) and recent experiments confirm its presence in 
the viral helicase-primase complex (17,26 and this manuscript).
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Fig. 4. SDS-PAGE of phosphocellulose column fractions. The final 2 fractions of the wash and gradient fractions 1-15 , described in Fig. 2, were analysed by 
SDS-PAGE (panel A, AcNPV; panel B, AcUL5 plus AcUL8 plus AcUL52; panel C, AcUL5 plus AcUL52). Lanes labelled T contain total proteins present in 
the relevant extracts prior to phosphocellulose chromatography and wt (panel B) the corresponding extract from cells infected with AcNPV. The positions of the 
UL5, UL8 and UL52 proteins are indicated.
The reason why we did not detect helicase activity with UL5 
protein in the absence of the UL52 product, or the role of the 
UL52 polypeptide in potentiating this activity are unknown.
An important question now concerns the role of the UL8 
protein present alongside the UL5 and UL52 polypeptides in the 
helicase-primase complex of HSV-1 infected cells. The most 
attractive hypothesis is that its presence is necessary for the 
primase function of the complex (26). Alternatively, it may play 
an important role in formation, translocation or stability of the 
complex under normal conditions of infection (which are at a 
temperature 9°C  higher than used for the growth of Sf cells in 
these studies). Finally, we can not rigorously exclude the unlikely 
possibility that an Sf cell or AcNPV protein can substitute for 
the UL8 protein within a functional complex.
Examination o f Fig. 4, however, provides no indication that 
this may have occurred. Our current experiments aim to 
distinguish between these possibilities.
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